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developing  special  tooling,  evaluating  current  nondestructive  inspection  techniques  and  adapting 
these  techniques  to  composite  materials,  establishing  quality  assurance  criteria,  and  developing 
comprehensive  bench  and  engine  environment  test  pr^rams  to  adequately  demonstrate  fan-blade 
quality.  During  the  program,  several  sets  of  BORSIC^/Aluminum  blades  weighing  40  percent  less 
than  comparable  TF30  bill  of  material  titanium  blades  were  successfully  pr^xluced  and  tested. 


Based  on  this  extensive  test  program,  and  with  the  establishment  of  quality  control  criteria  and  re- 
pair procedures,  the  blades  were  deemed  acceptable  for  evaluation  in  a flight  program. 


One  full  set  of  blades  was  selected,  reinspected  to  flight  quality  standards,  assembled,  balanced  and 
shipped  to  Edwards  Air  Force  Base  for  installation  in  a TF30  P-9  engine.  The  engine  was  then  in- 
stalled in  an  FI  1 l-D  aircraft,  which  was  in  service  at  Edwards.  Over  a period  of  approximately  1 7 
months,  this  blade  set  amassed  a total  of  184.1  flight  hours  in  90  separate  flights.  No  restrictions 
were  imposed  on  the  flight  envelope;  however,  a periodic  2.S-hour  on-the-wing  borescope  inspec- 
tion of  the  blades  was  required. 


At  the  completion  of  this  flight  evaluation,  the  blade  set  was  removed  and  returned  to  P&WA  East 
Hartford,  for  a full  bench  inspection,  including  both  non-destructive  and  destructive  testing.  The 
only  blade  degradation  found  by  this  inspection  program  was  surface  cracking  of  some  of  the 
blades  in  the  root  area  of  the  airfoil.  These  cracks  were  confined  to  the  surface  cross-ply  layers, 
and  did  not  extend  to  the  main  load-bearing  core  plies. 


During  the  total  program,  246  engine-configuration  blades  were  manufactured  and  non-destructive- 
ly  inspected;  with  an  overall  acceptance  rate  of  92.3%. 
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PRATT  A WHITNEY  AIRCRAFT  GROUP 


FOREWORD 

This  report  describes  the  work  performed  during  the  period  1 July  1970  through  31  Decem- 
ber 1977  by  Pratt  & Whitney  Aircraft  Group,  United  Technologies  Corporation,  East 
Hartford,  Connecticut  under  Contract  No.  F33657-70-C-0624,  as  amended  by  Modification 
POOOOS  dated  10  January  1977,  with  the  Air  Force  Systems  Command,  Aeronautical  Sys- 
tems Division,  Wright-Patterson  Air  Force  Base,  Ohio.  This  report  is  submitted  in  compli- 
ance with  the  requirements  of  Sequence  No.  A008  of  the  Contract  Data  Requirements  List, 
DD  Form  1423  attached  to  the  above  contract. 
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PRATT*  WHITNEY  AIRCRAFT  GROUP 


1.0  INTRODUCTION 

The  TF30  Third-Stage  Composite  Fan  Blade  Service  Program  was  a major  effort  direc^d  to- 
ward early  service  evaluation  of  the  TF30-P-d  third-stage  Ian  blades  made  ot  BORSIC  /Alu- 
minum composite  material.  The  program  was  initiated  to  further  refine  and  develop  existing 
composite  fan  blade  designs  and  fabricating  techniques  which  were  developed  under  the  Ad- 
vanced Composite  Fngine  Program  (ACF),  Air  Force  Contract  1-330 1 5-69-C- 1651,  conduc- 
ted by  Pratt  & Whitney  Aircraft  for  the  Air  Force  Materials  I aboratory  and  Aero  Propulsion 
Laboratory,  Wright-Patterson  Air  Force  Base,  Ohio.  Advantages  associated  with  using  advan- 
ced composites  as  the  structural  material  for  aircraft  jet  engine  Ian  blades  include  a signili- 
cant  reduction  in  engine  weight,  improved  performance,  and  the  potential  for  increasing  Ian 
tip  speed. 

Tlie  Composite  Fan  Blade  Service  Program  was  conducted  in  two  phases.  Phase  I was  a div- 
ersified effort  in  which  the  blade  designs  initiated  under  the  ACF;  Program  were  finalized, 
prototype  advanced  composite  test  specimens,  blades  and  peculiar  engine  parts  were  designed, 
fabricated,  and  rig  tested;  tools  required  to  fabricate  the  prototype  components  were  designed 
and  fabricated;  and  fan  blades  were  fabricated  and  structurally  tested.  Concurrent  with  these 
efforts  fabricating  techniques  were  developed  and  refined  and  a program  was  initiated  to  de- 
velop effective  nondestructive  inspection  (NDlj  procedures  lor  the  blades.  Procurement  ol 
composite  material  for  use  in  Phase  11  of  the  Fan  Blade  Service  Program  was  initiated. 

Phase  11  was  a specific  effort  in  which  tooling,  blades,  and  adapting  parts  lor  an  engine  en- 
vironment test  program  were  fabricated;  blades  and  adapting  parts  wea*  tested  in  an  engine 
at  simulated  sea  level  subsonic  and  altitude  supersonic  conditions;  and  engine  environment 
test  results  were  thorouglily  evaluated.  Fabricating  processes  and  NDl  prevedures  developed 
in  Phase  1 of  the  Program  were  further  refined  as  well.  The  final  task  was  a successful  184- 
hour  fiight  service  demonstration  in  FI  1 1 -D  aircralt  at  Fdwards  AFB,  Cal. 

The  choice  of  the  TF30  engine  as  the  hardware  test  vehicle  was  based  on  these  considerations; 

• Tire  TF30  is  a modem  turbofan  engine  which  powers  operational  supersonic  air- 
craft and  in  which  the  fan  blades  are  subjected  to  high  temperatures  and  tip  speed. 

• TF30  engines  were  available  for  use  in  exiH'rimental  testing  and  included  those 
funded  under  this  contract  and  those  available  on  a ‘piggyback’  basis  from  Pro- 
duct Support  Program  engines. 

• The  TF30,  being  currently  in  service,  affords  the  immediate  opportunity  of  eval- 
uating the  blades  in  a flight  environment. 


The  effort  was  directed  toward  the  third-stage  blade  because  the  third-stage  provides  the  highest 
possible  fan  temperature  environment  (470°F).  A turther  benefit  Ls  that  the  first  and  second 
stages  of  the  fan  protect  the  third  from  massive  foreign  object  ingestion  such  as  birds  and  ice. 
This  protection  from  foreign  object  damage  (FOD)  increases  the  satety  tactor  making  immedi- 
ate flight  evaluation  more  feasible. 
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:.(>  SUMMARY 


All  inaior  ohjcvtivivs  ol  Ihf  program  wore  aia'inplislu-il  I lIuoiiRh  1 o Miiiiinart/o 

the  results: 

2.1  MATERIAL 

A snuree  of  BORSIC^/Aluiuinum  eoniposite  material  i».in  louiul  liom  \^hu  h HOKSIC^  Alu- 
minum monolayer  tape  eoulJ  he  proeiiretl  at  a set  piiee  .iiul  isiihm  a leaMuiahle  leail  lime 
The  tape  was  purehaseii  to  a P&WA  material  speeilieatioii  ssliuti  lesiilieil  m pros  iuement  ol 
a unif'onii.  Iiijjli  nuality  tape.  The  tape  aieeptaiiee  rale  was  osei  peieeiii 

2.2  DESK'.N 

Hie  hlaile  aesijm  whieli  evolveil  I.illv  meels  sirueiuial  aiul  aeioils  iiaiiiK  lliglil  rei)um‘HH-nts 
aiKl  can  be  eon.sislently  fabriealea  lo  a liinh  vpialiiy  siaiularil  m a iioimal  slioi»  eiisiroiimeiil 

2.T  TOOLING  AND  FABRICATION 

Tools  and  processes  were  ilevelopcvl  by  which  24<>  blailes  were  labricaleil  wilh  an  acceplaiwe 
rale  in  excess  ot  ^^2  jierceiit.  BUule  dies  exhibited  a liie  I'l  at  least  Ir^S  parts,  aiul  ari*  aileipKile 

for  fabrication  of  flight  evaluation  hardware. 

2.4  NONOESTRlJCTIVt  INSPFITION 

Nondestructive  inspection  procedures  were  developed  which  enabled  the  engine  environment 
test  program  to  be  conducted  with  no  blade  failures  NPl  procedures  included  ultrasonic 
C-scan,  X-ray,  visual,  acoustic  emission  and  eddy  current,  as  well  as  determining  density  aiul 
natural  frequency.  All  blades  wen.*  proof  spin-tested. 

2.5  BENCH  TESTING 

Composite  blade  bench  tests  showed  that: 

• No  blade  degradation  resulted  from  salt  corrosion  or  a d.*'"  lo  .SOO"!'  thermal 
shock. 

• Blades  lost  frequency  in  pure  beiuling  fatigue  tests  but  did  not  otherwise  lad  in 
10^  cycles. 

• Burst  speeds,  demonstrated  in  spin  pit  tests  were  at  least  .U)  percent  .ibove  normal 
red  line  speed  (10.550  rjun). 

• Blades  withstood  the  higliest  engine  operating  stres.ses  (except  for  surge  sirevses) 
during  combined  stress/fatigue  testing,  as  shown  in  nuxlified  GiH>dnian  diagrams 
(at  room  temperature  and  45(T’F'). 
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• Composite  blades  willi  a nickel-cobalt  leading  edge  bail  slightly  better  resistance  to 
sand  erosion  tl\an  titanium  blades. 

• Composite  blades  were  slightly  less  re.sistani  to  small  b'Ol)  (gravel,  rivets)  than 
titanium  blades. 

• Composite  blades  had  relatively  poor  resistance  to  massive  FOl)  (birds,  ice)  com- 
pared with  titanium  blades. 

2.6  ENGINE  ENVIRONMENT  TESTING 

A total  of  564  hours  of  testing  in  an  engine  environment  were  conducted.  Of  tliese,  300  hours 
took  place  in  a funded  engine,  while  264  hours  were  “piggyback”  tested  during  CIP/PSP  test- 
ing. Tests  were  conducted  on  two  fidl  sets  of  composite  blades  and  included  444  hours  of 
cyclic  endurance  testing  at  sea  level  and  supersonic  conditions.  Test  results  showed  that: 

• Blade  vibratory  stresses  were  within  acceptable  levels,  both  with  a clean  inlet  and 
with  distortion. 

• Aerodynamic  performance  and  stall  margin  were  unaffected. 

• As  many  as  19  surges  were  performed  with  no  apparent  detrimental  effects. 

• A severe  tip  rub  (0.090  in.)  caused  no  blade  catastrophic  failure  but  did  induce 
cracks  in  7 of  the  36  blades  (20  percent). 

• Leading  edge  FOD,  blended  to  maximum  limits,  resulted  in  no  blade  damage  dur- 
ing approximately  50  hours  of  subsequent  engine  operation. 

• Blade  performance  could  be  evaluated  in  all  portions  of  tlie  tliglit  envelope  includ- 
ing high  altitude,  high  Mach  number;  high  altitude.  low  Mach  number;  and  sea  level, 
Mach  number  1.2. 

• After  test  times  of  100  hours  or  more.  X-ray  inspection  indicated  small  cracks  in 
some  blades  at  the  leading  edge  near  the  root.  However,  these  cracks  did  not  grow 
appreciably  in  test  time  to  3()4  hours. 

During  the  testing  in  the  engine  environment,  the  maximum  blade  temperature  was  470°F; 
maximum  blade  tip  speed  was  1500  ft/see;  and  maximum  blade  stresses  were  8,000  psi  (non- 
surge) and  30,000  psl  (surge). 

Because  of  the  crack  indications,  P&WA  imposed  a 200-hour  limit  on  blade  engine  operation 
during  the  flight  program  before  a full  bench  inspection. 
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2.7  I LK'.HT  SI  RVK'I  tVALDATION 

One  full  si't  of  proviously  urouiui  cngino-tcstcil  Maitos  was  iiistallcil  in  an  I- 1 1 1-17  aircratt  at 
I ilwarvis  Al'B,  ('alifornia.  ami  snbioctoil  to  1 84. 1 hours  of  unrostrictod  llisht  over  a span  of 
‘>0  nights  in  17  nu>nlhs.  I his  was  the  first  flight  of  an  advanced  coin|visitc  material  applied 
to  an  engine  primary  struetural  component,  i.e.,  the  .ird  stage  tan.  No  serious  composite 
hlade  prohlems  occurred  during  this  time.  Bench  inspection  of  the  blades  lollowing  the 
night  program  revealed  no  damage  except  for  surface  cracks  in  the  root  region  ol  several 
blades.  I he  tlight  program  was  conducted  entirely  by  the  USAl-  and  program  details  are  to 
be  reported  in  a separate  .A.Sll  report. 


.1.0  t'ONl'LU.SlONS  AND  Rl-aiMMl-NDATIONS 

I'his  component  improvement  program  was  directed  toward  early  service  testing  of  I’l  MO- 
l’-‘>  tlurd-stage  fan  blades  fabricated  of  BDRSK'®/ Aluminum  comi'osite  material.  I'he  blade 
attachment  roots  wen.'  fabricated  of  lUlRSK''^/ Aluminum  material  with  titanium  dovetail 
section,  ami  aluminum  wedges  to  splay  the  fibers. 


.1.1  f'ONCl  USIONS 

I'rom  the  overall  results  of  the  program,  it  is  concluded  that  ri'.lO-l’-O  lU>RSI(’'^/.Muminum 
thiril -stage  fan  blailes.  de.signed.  fabricated  ami  inspected  acconling  to  the  procedures  devel- 
oped during  this  program,  will  be  acceptable  for  tlight  service  subject  to  periodic  inspection. 

The  lUlRSK'^/.Muminum  composite  material  selected  consisted  of  silicon-carbide  coated 
boron  fiber  filaments  affixed  to  A.AoObl  ahnnimim  foil  by  |>lasma  imraying  AAbOol  alu- 
minum powder.  When  made  to  procnix'inent  specifications.  BORSK'®’/ Aluminum  Tape  Spe- 
cification I’W.A  4.17  and  BORSK’®  I'ilament  Specification  I’WA  4.18.  this  material  exhibited 
the  n'qnired  properties  to  meet  fan-blade  application  n'quirements.  ( I'he.se  two  specifica- 
tions are  included  in  Appendix  B.  Quality  Control  Plan  for  I'h'.lO  t'omposite  I'an  Blades,  to 
show  the  standards  that  were  imposed  on  tape  ami  filament  fabrication.)  Results  of  qiialitt 
a.ssiirance  tests  indicated  that  random  sampling  was  not  sufficient  to  assiiix'  quality. 

The  blades  fabricated  under  this  program  were  designed  to  meet  all  stress  and  vibratory  con- 
ditions consistent  with  their  a|>plication  as  third-stage  fan  blades  in  a Tl'.llVl’-O  engine.  Ana- 
lysis indicated  that  core  tiinidirectional  tlbers)  and  shell  (fibers  at  construction  would 

provide  both  the  strength  ami  stiffness  tx'qiiireinents  for  these  blades,  ritanium  dovetail  root 
attachments  provided  ample  shear  and  bearing  strength. 


The  tools  ami  fabricating  procedures  developed  during  this  |irogram  were  specificalU  de- 
veloped for  a low  production  run  application.  I'abrication  process  parameters  wen*  held  to 
tight  tolerances  to  ensuix'  program  success.  Subsequent  test  n-sults  indicated  that  the  blades 
fabricated  using  the  timls  and  processes  developed  during  the  program  exhibited  superior 
performance  characteristics. 

riie  NDI  procedures  developed  during  this  program  demonstrated  the  capability  of  detecting 
all  known  significant  material  and/or  fabrication  defects.  The  blades  tlight  tested  tlul  not 
have  any  cracks  detected  by  these  procedures  prior  to  installation  in  the  tlight  test  engine 
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Bench  testing  provided  the  evidence  that  the  BORSIC®/Aliiininum  third-stage  fan  blades 
had  sufficient  structural  integrity  to  successfully  undergo  evaluation  in  an  operating  engine 
environment.  It  was  further  concluded  that  neither  salt  corrosion  nor  thermal  shock  had  sig- 
nificant effect  on  blade  structure.  The  blades  exhibited  sufficient  FOD  resistance  to  per- 
form satisfactorily  in  a third-stage  fan  environment. 

During  both  simulated  sea-level  static  and  altitude/supcrsonic  testing,  the  BORSIC®/ Alu- 
minum blades  exhibited  the  capability  of  performing  well  in  a flight  environment.  Engine 
performance  was  in  no  way  degraded  by  incorporating  advanced  composite  blades  in  the 
fan  third-stage. 

The  184  hours  of  flight  service  operation  was  highly  successful,  but  did  result  in  surface 
cracking  of  several  blades.  In  future  designs,  this  can  probably  be  avoided  by  improved 
filament  orientation  and  blade  processing. 

3.2  RECOMMENDATIONS 

It  is  recommended  that  the  blades  in  service  be  evaluated  at  200-hour  intervals  by  a bench 
inspection  including  lOx  visual  and  x-ray  techniques. 

It  is  recommended  that  the  blades  be  service  evaluated  in  a flight  program.  However,  due  to 
x-ray  indications  of  small  cracks  in  some  ground  engine  test  blades  at  the  leading  edge  near 
the  root,  a 200-hour  limit  should  be  imposed  on  flight  test  blade  operation  before  a full 
bench  inspection  is  conducted. 

It  is  further  recommended  that  all  tape  lots  be  tested  and  the  strength  of  each  tape  lot  be 
evaluated.  Tape  lots  exhibiting  average  filament  strengths  of  more  than  340,000  psi  would 
result  in  panels  having  the  required  140,000  psi  strength.  Tape  lots  exhibiting  filament 
strengths  of  less  than  340.000  psi  must  be  qualified  by  demonstrating  that  panels  pressed 
from  the  tape  exhibit  at  least  140,000  psi  composite  strength.  If  possible,  the  tape  vendor 
should  be  required  to  guarantee  the  final  tape  properties. 

A future  study  should  be  conducted  to  investigate  the  effects  of  imposing  less  stringent  pro- 
duction controls  on  blade  quality  and  also  to  optimize  tools  for  use  in  long  production  run 
applications. 

The  procedures  outlined  in  this  report;  specifically,  ultrasonic  C-scan,  contact  ultrasonic 
through-transmission,  x-ray.  determination  of  natural  frequency  and  density,  fluorescent 
penetrant  inspection,  visual  inspection,  and  proof  spin  testing  should  be  adopted  as  the  qua- 
lity assurance  procedures  in  future  advanced  composite  programs. 

It  is  recommended  that  a program  be  conducted  to  improve  methods  of  FOD  protection  to 
expand  the  use  of  compo.site  materials  in  jet  engine  fan  applications. 

Future  designs  sliould  also  utilize  improved  filament  orientations  and  tooling/processing 
techniques  to  minimize  filament  breakage  which  can  lead  to  cracking  of  the  composite 
structure.  Potential  residual  stress  problems  should  be  identified.  Spin-pit  burst  testing  can 
be  a useful  tool  for  this  purpose,  by  establishing  actual  burst  speeds  vs.  predicted  values. 
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4.0  GENERAL  BACKGROUND 

The  term  “advanced  composites”,  as  used  in  this  report,  applies  to  materials  made  up  of  high 
strength,  high  modulus,  low  density  fibers  combined  with  a matrix  material  which  holds  the 
fibers  in  proper  conformation  and  distributes  the  loads  among  them.  It  has  been  recognized 
for  several  years  that,  if  these  materials  could  be  successfully  applied  to  aircraft  jet  engines, 
significant  weight  and  performance  benefits  would  result.  Development  programs  conducted 
to  date  have  thoroughly  demonstrated  this  potential  and  reinforced  the  desirability  of  refin- 
ing the  production  and  inspection  technicjues  required  to  produce  high  quality,  advanced  com- 
posite, jet  engine  aircraft  parts  economically  and  consistently. 

Although  silicon-carbide  and  sapphire  show  promise  for  future  use  as  fiber  materials  in  advanced 
composites,  current  interest  is  centered  on  graphite  and  boron.  These  are  available  in  a wide 
variety  of  fiber  forms.  For  example,  graphite  can  be  obtained  in  high  strength  or  high  modulus 
forms  in  either  short  lengths  or  as  a continuous  filament.  It  can  also  be  obtained  as  yarn  com- 
posed of  several  hundred  filaments,  woven  yarn,  or  tow.  Boron  fiber  can  be  obtained  either  as 
uncoated  or  coated  with  silicon-carbide  and  in  sizes  ranging  from  four  mils  to  eleven  mils  in 
diameter.  The  term  BORSIC®,  as  used  herein,  refers  to  Boron  Silicon  Carbide  coated  fibers 
under  United  Technologies  trademark. 

The  matrix  materials  can  be  either  metal  or  organic.  Standard  alloys  of  aluminum  or  titanium 
arc  the  usual  metal  matrix  materials  and  they  may  start  out  in  the  fonn  of  foil,  plasma  spray, 
molten  metal,  or  powder.  Organic  matrix  materials  can  be  characterized  as  low  temperature 
(epoxy  resin)  or  high  temperature  (polyimide  resin)  materials.  Boron  fiber  can  be  combined 
with  either  metal  or  organic  matrix  materials  while  graphite  fiber  is  normally  used  with  an  or- 
ganic matrix  material.  Development  efforts  arc  currently  underway  to  combine  graphite  fiber 
with  an  aluminum  matrix. 

4.1  MECHANICAL  PROPERTIES 

Advanced  composite  materials  have  extremely  high  specific  strengths  and  moduli.  Fiber  tensile 
strengths  range  as  liigh  as  500,000  psi  and  moduli  up  to  60  million  psi,  while  densities  are  0. 1 
Ib/in^  for  boron  fibers  and  0.05  lb/in3  for  graphite  fibers.  When  combined  with  a matrix  to 
form  a composite  material,  the  strength  in  the  direction  of  fiber  orientation  is  generally  pro- 
portional to  the  volume  percentage  of  fiber  in  the  composite.  Density  of  the  composite  on 
the  other  hand,  may  remain  the  same  as  that  of  the  fiber,  or  increase  slightly.  Consequently, 
their  specific  properties  are  superior  to  those  of  titanium,  which  is  currently  favored  for  jet 
engine  structural  use  where  the  engine  temperature  environment  is  less  than  800‘’F. 

The  properties  of  advanced  composite  materials  are  anisotropic,  however.  The  strength  of  com- 
posites transverse  to  the  fiber  direction  is  far  less  than  in  the  axial  direction  of  the  fibers.  The 
anisotropic  characteristic  can  be  overcome  to  a great  extent  by  proper  design  (i.e.,  cross-ply- 
ing) and  fabrication  of  the  component. 

Temperatures  at  which  advanced  composites  can  be  used  as  structural  materials  are  limited  by 
the  matrices  used.  These  limits  are  generally  200-500“ F for  epoxy  matrices,  600° F for  poly- 
imide or  aluminum  matrices,  and  800-l,000°F  for  titanium  matrices. 
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4.2  FABRICATION  TECHNIQUES 

Structural  components  made  from  advanced  composites  are  laminar,  built  from  successive 
layers  of  advanced  composite  tape  (sheet)  or  broad  goods.  The  tape  or  broad  goods  can  be  pur- 
chased in  either  monolayer  or  multilayer  form.  Those  composite  materials  having  an  organic 
matrix  are  called  “prepreg”  because  they  are  usually  impregnated  with  the  matrix  material. 
Composites  with  a metal  matrix  sometimes  contain  an  organic  “fugitive”  binder  by  which  the 
manufacturer  holds  the  fibers  in  position  while  applying  the  metal  matrix.  If  present,  the 
fugitive  binder  must  be  driven  off  by  heat  and  vacuum  during  processing,  otherwise  occlusions 
result,  thereby  weakening  the  material. 

Composite  materials  can  be  used  to  make  shapes  as  simple  as  flat  panels  or  forms  as  compli- 
cated as  turbine  engine  fan  blades  wliich  have  a two-dimensional  taper,  curvature,  and  twist 
plus  a root  attachment  at  one  end  (Figure  4.2-1 ). 

Processing  of  the  part,  whether  simple  or  complex,  is  usually  similar.  Plies  of  the  proper  shape 
and  size  are  cut,  stacked  with  the  proper  fiber  orientation,  loaded  into  a mold  (for  organic 
matrices)  or  die  (for  metal  matrices),  and  subjected  to  heat  and  pressure  for  a specified  period 
of  time.  This  last  operation,  normally  performed  in  a vacuum,  is  called  a “cure”  cycle  when 
used  with  organics,  and  a “bonding”  cycle  when  used  with  metal  matrices. 

The  cure  cycle  is  performed  at  moderate  pressure  levels.  The  characteristics  of  organic  ma- 
terials however,  often  dictate  that  more  than  one  temperature  level  be  applied  during  the  cure 
cycle  and  that  the  time/temperature  relationships  be  closely  controlled. 

The  bonding  cycle  for  metals,  on  the  other  hand,  is  a diffusion  bonding  process,  and  requires 
less  stringent  control  of  time-temperatiu'e  relationships.  It  does,  however,  require  high  pres- 
sures, in  the  range  of  3500-5000  psi  for  aluminum  and  up  to  25,000  psi  for  titanium. 

The  vacuum  environment  for  either  cycle  can  be  provided  by  the  use  of  autoclaves,  retorts, 
or  by  bagging. 

After  molding  and  bonding,  finishing  operations  are  performed  as  required.  Tlie  composite 
materials  can  be  machined,  but  in  the  case  of  boron  the  only  effective  finisliing  techniques 
are  grinding  and  electrodischarge  machining  (EDM). 

Most  composite  parts  require  more  than  one  fiber  orientation  in  their  structure  to  meet  strength 
and  stiffness  requirements.  Tlris  is  a consequence  of  the  anisotropic  properties  of  composites. 

In  fan  blades,  for  example,  the  most  critical  structural  design  requirements  are  those  of  bending 
and  torsional  stiffness,  tensile  strength  in  the  radial  direction,  and  sometimes  torsional  creep 
strength.  These  requirements  usually  cannot  be  met  by  a unidirectional  fiber  orientation,  but 
necessitate  a “cross-ply”  layup  where  the  fibers  arc  alternately  arranged  at  some  angle  to  the 
radial  axis  of  the  airfoil.  Another  possible  solution  is  to  incotytorato  a “corc-shcll”  construction 
(Figure  4.2-2),  wherein  the  bending  and  radial  load  requirements  arc  satisfied  by  the  core  of 
radial  fibers,  and  the  torsional  stiffness  and  creep  requirements  are  satisfied  by  ±45°  cross-ply 
shell.  The  latter  arrangement  is  the  one  used  in  the  TF30  fan  blades  designed,  fabricated  and 
tested  under  this  program. 
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n»e  most  (.-ommon  piobloms  wln«.l\  oi'cur  in  maniil'.K'tmmi;  composite  parts  arc  voids  in  the 
matrw  material,  delammation  ot  tlie  plies,  cracking,  misorientation  ol  t'ihers,  and  broken  fibers, 
•Ml  of  these  detects,  however,  can  be  detected  witli  liigh  assurance  by  proper  application  of 
N1>1  techniques  such  as  \-ray  and  ultrasonic  C'-scan.  In  addition,  the  eltects  ot  Haws  in  ad- 
vance^l  cmnposites  are  miliiceil  bec.iuse  compi'site  materials  are  less  luUch  sensitive  than  most 
metals,  including  titanium. 


/ />oiM  ( v'tnpo'ifi'  M.ititi.ils . I ctt.  linishfJ  Koi’f  .lUi/ 
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5.0  MATERIAL 

TIk-  advanced  composite  material  selected  for  use  in  this  program  was  BORSlC®/Alummum 
consisting  of  silicon-carbide  coated  boron  filaments  affixed  to  .AAbObl  aluminum  foil  by 
plasma  spraying  (PWA  4.^7- 1)  AAbObl  aluminum  powder.  The  material,  ordered  to  Specifi- 
cation PWA  437-1.  Rev.  1).  was  procured  as  a monolayer  tape  from  two  .sources;  the  Hamil- 
ton Standard  Division  of  United  Technologies  Corporation.  Broadbrook.  C’onnecticut  and  the 
Materials  System  Division  of  Ihiion  Carbide,  Indianapolis.  Indiana. 

lire  choice  of  (>l)o  I aluminum  as  the  matrix  imilerial  was  made  on  the  basis  of  Pratt  & 
Whitney  Aircraft  experience  in  prior  programs.  BORSIC  (silicon-xarbide  coated  boron) 
fibers  were  chosen  rather  than  uncoated  boron  fibers  because  of  fabricability ; the  coated 
fibers  allow  the  composite  material  to  be  processed  at  higher  temperatures  and  over  a 
greater  range  of  temperatua's. 

llpon  delivery,  the  advanced  composite  was  inspected  to  ensure  conforniaiice  to  the  pro- 
curement specifications.  BDRSIC®  Ahimimim  Tape  Specification  PWA  437  and  BORSIC® 
l-ilament  Specification  PW.A  43S  which  are  included  in  this  document  as  Appendix  A,  I'lie 
inspections,  described  in  Paragraph  5.1 , showed  that  the  composite  material  tape  purcha.sed 
was  consistently  unifonn  and  of  high  qualify.  The  tape  aeceptance  rate  was  in  excess  of 
45  percent  for  the  Union  Carbide  tape,  whieh  ineonnirated  USD  fiber. 

5. 1 RAW  MATERIAL  QUALITY  ASSURANCE 

5. 1.!  Visual  Inspection 

.-Ml  raw  material  received  was  visually  inspected  lor  loose  or  missing  fibers,  fiber  crossover, 
creases  or  wrinkles  in  the  back-up  foil  and  other  visually  discernible  defects.  Minor  defects 
which  were  confined  to  a small  area  and  would  have  no  degrading  effect  on  component 
fabrication  or  compo.site  material  physical  properties  were  not  a cause  for  material  ejection. 

5.1.2  Filx?r  Content  and  Characteri/ation 

A siimple  taken  from  a corner  ot  e;ich  tape  was  weighed  and  measured  to  determine  the 
weiglit  per  unit  area.  The  aluminum  matrix  was  then  removed  by  leaching.  Fiber  spacing, 
diameter,  and  content  were  then  determined  from  the  remaining  material.  Slight  deviations 
in  weight  per  unit  area,  fiber  diameter,  and  excessive  fiber  content  were  expected  to  have 
no  effect  on  the  program  and,  consi'quentK  . tapes  with  such  deviations  were  judged  to  be 
acceptable.  On  the  other  hand,  material  in  which  the  fiber  content  was  less  th;in  that 
specified  m PWA  437  was  rejected. 

5. 1 .3  Mechanical  Property  Evaluation 

Initial  mechanical  property  testing  was  conducted  on  unidirectional  test  panels  tabricated 
from  a randomly  selected  tape  for  each  100  square  feel  ol  material  rv'ceived.  The  test 
panels,  fabricated  m accordance  with  paragraph  3.2. 1 of  Specification  PW.A  437,  consisted 
of  ten  layers  of  composite  material  pressed  together  for  1 .5  hours  m a vacuum  of  10~* 

Torr  or  less,  at  a temperature  of  1040°  i I0°F'  and  a pressure  of  5000  psi.  Properties  de- 
termineil  included  longitudinal  ultimate  tensile  stivngth  and  modulus  tfilaments  parallel  to 
applied  load)  and  transverse  ultimate  tensile  strength  tfilaments  perpendicular  to  applied 
load) 
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Test  results  ot  the  initial  panels  showeil  strengths  as  low  as  5J/)00  psi,  significantly  below 
the  minimum  specification  requirement  of  140,000  psi. 

An  additional  panel  was  fabricated  frvrm  a tape  which  had  exhibited  a strength  of  92,900 
psi.  This  test  panel  was  laminated  at  950° F and  tensile  tested  to  determine  whether  the  low 
strength  was  the  result  of  insufficient  silicon-carbide  coating.  Tensile  strength  improved  only 
slightly  to  100,600  psi  which  indicated  that  the  coating  was  sufficient. 


Weibull  analysis  of  single-filament  tensile  test  results  on  fiber  extracted  from  as-received  tapes 
and  from  fabricated  test  panels  revealed  that  panel  fabrication  had  no  observable  effect  on 
filament  strength.  However,  there  was  a significant  difference  between  fibers  extracted 
from  material  which  exhibited  an  acceptable  strength  greater  than  140,000  psi,  and  those 
fibers  from  materials  which  did  not  meet  strength  specifications.  Figures  5.1-1  through 
5.1-4  show  that  the  incidence  of  fibers  having  a strength  less  than  200,000  psi  or  fibers  having 
defects  was  significantly  greater  for  the  weak  material.  Despite  this  demonstrated  ditference 
in  fibers,  however,  the  results  of  filament  testing  are  not  always  consistent  with  panel  testing. 
Sufficient  inconsistencies  existed  to  indicate  that  mean  fiber  strength  values  may  not  provide 
a valid  criterion  of  filament  quality,  and  fiber  testing  only  a small  sample  may  be  insufficient 
to  detect  unacceptable  material.  The  variability  in  tape-to-tape  composite  strength  demon- 
strated the  advisability  of  evaluating  the  strength  of  all  tape  lots  rather  than  a random  samp- 
ling. 

The  cost  and  time  involved  to  evaluate  the  strength  of  each  tape  lot  by  extensive  panel  or 
fiber  testing  led  to  developing  tensile  test  specimens  of  monolayer  tapes  as  qualitative  pre- 
dictors of  subsequent  composite  fpancl  or  component)  strength.  Test  specimens  contained 
40-45  filaments  and  were  0.250  inches  wide  by  4.0  inches  long  with  a 2.0  inch  gage  length 
and  1.0  inch  long  aluminum  doublers  attached  by  epoxy  adhesive  to  the  gripping  areas.  A 
gripping  alignment  fixtiue,  used  to  avoid  bending  stresses,  and  a monolayer  tape  tensile 
test  specimen  are  shown  in  Figure  5.1-5. 

Strength  values  were  estimated  using  the  total  fiber  cross  sectional  area  only  because  the 
load  carrying  capability  of  the  uncompacted  matrix  was  negligible.  Tlte  rule  of  mixtures; 
i.e.,  the  strength  of  the  composite  is  directly  proportional  to  the  volume  percentage  of 
filament,  indicated  that  the  composites,  having  approximately  50  percent  filament,  would 
exhibit  about  half  the  strength  indicated  by  the  tests. 

Correlation  of  tape  test  results  and  composite  panel  properties.  Figure  5. 1-6,  showed  that 
in  general,  panel  strengths  were  less  than  half  of  the  tape  strength  for  the  higher  strength 
material.  Tape  strength  above  approximately  4 1 5 ,000  - 420,000  psi  correlated  with 
acceptable  composite  panel  strengths,  while  tapes  with  strengths  less  than  260,000  psi 
yielded  unacceptable  composite  panels.  Experience  on  this  and  other  programs  conducted 
at  Pratt  & Whitney  Aircraft  indicated  that  material  containing  BORSIC®  filament  prior  to 
mid-January,  1971,  and  exhibiting  average  strength  above  415,000  psi  would  have  acceptable 
panel  strength.  Tapes  that  exhibited  strengths  less  than  420,000  psi  required  panel  fabrication 
and  testing  to  assure  that  the  composites  would  have  the  required  tensile  strength  of  140,000 
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It  was  judged  that  exceptions  to  the  correlation  were  due  to  signiticant  strength  dil'lerences 
between  tiber  lots  which  were  revealed  during  testing.  Initially,  three  specimens  were  ob- 
tained from  a single  edge  of  each  tape  This  selection  of  test  specimen  locations  had  the 
result  that  only  one  of'  the  two  or  thix'e  fiber  lots  used  to  tabncate  a tape  was  actually 
tested.  Consequentlv . tensile  test  results  were  highlv  consistent.  When  test  specimens  from 
different  edges  of  the  tape  were  selected,  however,  some  tapes  exhibited  large  diffea'iices  in 
strength.  This  was  attributed  to  the  fact  that  different  fiber  lots  wea'  used  to  fabricate  a single 
tape.  This  is  shown  in  Figure  5.1-6  where  tape  lots.  J . K and  X are  indicated . 

Subsequent  testing  was  expanded  so  that  specimens  selected  were  representative  of  more 
than  75  percent  of  the  l.ipe  area.  Hiis  provided  a more  accurate  assessment  of  the  tape’s 
strength. 

Testing  of  Union  t'arbide  material  received  between  July.  1^71  and  mid-November  1^71  re- 
vealed an  apparent  improvement  in  manufacture.  Test  results  showed  that  the  composite  panel 
strength  was  approximately  50  percent  of  the  tape  strength.  F'igure  5.1-7,  shows  the 
correlation  of  tape  and  composite  panel  strengths  for  this  material.  The  lower  line  in  this 
figua'  repasents  a panel  strength  50  percent  of  that  of  the  tape  based  on  the  rule  of  mix- 
tures. The  uptxT  line,  parallel  to  the  50  percent  line  and  located  at  the  top  of  the  strength 
band,  crosses  the  composite  specification  minimum  of  140,000  psi  near  the  340.tX)0  psi 
tape  strength  level,  indicating  that  a tape  strength  of  540,000  psi  would  ensim*  acceptable 
composite  strength.  I herefore.  when  panel  testing  of  one  randomly  selected  tape  from 
each  100  square  feet  of  tape  received  was  resumed,  panels  from  tapes  with  strengths  of 
540.000  psi  or  greater  were  not  tested  providing  that  the  monolayer  tensile  tests  from 
different  locations  of  the  same  tape  exhibited  no  significant  decrease  in  strength. 
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Correlation  of  li()KSIC®/Aluniinu>n  Moriolayer  Tape  and  Composite  Panel 
'Tensile  Strenylli  for  Lhiion  Carbide  Supplied  Material 
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6.0  DESIGN  AND  ANALYSIS 

The  airfoil  shape  of  the  third-stage  blades  designed  and  fabricated  under  this  program  was 
established  by  the  contract  commitment  that  the  blades  would  be  service  evaluated  in  a Pratt 
& Whitney  Aircraft  TF30-P-9  engine.  Except  for  the  part-span  shroud,  which  was  eliminated, 
the  blade  airfoil  shape  is  identical  to  that  of  the  TF30-P-9  bill  of  material  (B/M)  titanium  alloy 
blade.  As  a consequence  of  removing  the  shroud,  the  blade  shape  was  smoothly  blended  to 
eliminate  the  chordwise  notches  and  local  thickening  at  the  shroud  locations.  Figure  6.0-1 
shows  a comparison  of  the  advanced  composite  blade  with  the  B/M  titanium  alloy  blade. 

6.1  BLADE  DESIGN  CONSIDERATIONS 

Fan  blades  must  satisfy  both  vibration  and  static  stress  requirements.  The  vibratory  design 
criteria  are  primarily  concerned  with  the  second  order  engine  excitation  (2E)  of  lower  order 
bending  frequencies  and  avoiding  torsional  flutter.  The  stress  criteria  of  both  the  airfoil  and 
attachment  sections  of  the  blade  are  imposed  to  ensure  that  the  blade  will  be  able  to  with- 
stand the  loading  to  which  it  will  be  subjected  during  engine  operation. 

In  addition  to  the  vibration  and  stress  requirements,  the  blades  must  also  be  able  to  withstand 
foreign  object  damage  (FOD)  due  to  ingestion  of  foreign  objects  into  the  engine. 

Because  of  the  inherent  anisotropic  properties  of  advanced  composite  blades  and  the  signit- 
icant  interdependence  of  fabrication  techniques  on  mechanical  and  physical  properties,  the 
design  procedure  for  advanced  composite  blades  is  highly  sophisticated.  In  general,  the  com- 
posite-blade design  process  requires  more  iterations  than  the  design  process  for  isotropic  ma- 
terial blades.  Figure  6.1-1  is  a typical  logic  network  used  in  the  design  of  composite  fan  blades 
and  illustrates  the  complexity  of  the  process.  This  has  resulted  in  the  development  of  ad- 
vanced, computerized  techniques  to  analyze  the  stress  state  and  vibration  characteristics  of 
nonhomogenous  and  anisotropic  material  fan  blades.  These  techniques,  developed  by  P&WA 
and  outlined  in  Figure  6.1-2,  were  used  extensively  to  optimize  the  fan  blade  design. 

Although  the  procedures  are  more  complex,  the  structure  of  composite  blades  does  allow  a 
certain  amount  of  design  flexibility  not  available  when  designing  with  isotropic  materials. 

The  lay-up  pattern  of  the  laminates  can  be  varied  in  an  effort  to  meet  specific  design  criteria. 
The  shell  and  core  construction  shown  in  Figure  6.1-3  can  be  used  to  advantage  in  meeting 
bending  and  torsional  frequency  requirements  as  well  as  stress  requirements.  The  shell  pro- 
vides the  torsional  stiffness  to  meet  torsional  frequency  requirements  and  keep  the  angle  of 
untwist  at  an  acceptable  level.  The  core,  on  the  otherhand,  provides  the  bending  stiffness  to 
satisfy  the  bending  frequency  requirements  as  well  as  providing  the  P/A  load  carrying  and  gas 
bending  and  restrained  warping  stress  capability. 

6. 1 . 1  Vibrati  on  Considerations 

The  high  modulus-to-density  of  advanced  composite  materials  is  not  sufficient  to  compensate 
completely  for  the  reduced  bending  frequency  which  resulted  from  eliminating  the  part-span 
shroud.  Consequently,  first  bending  resonance  by  2E  excitation  was  unavoidable.  To  resolve 
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this  condition  the  composite  fibers  must  be  oriented  and  distributed  so  as  to  reduce  the  first 
bending  freiiuency  to  a level  where  2E  excitation  would  have  little  adverse  ellecl.  However, 
the  blade  stiffness  must  not  be  decreased  to  a level  where  the  second  coupled  bending  fre- 
quency is  reduced  to  a point  where  it  will  undergo  2K  excitation  in  the  engine  operating  range. 

An  additional  consideration  is  that  the  torsional  frequency  of  the  blade  must  be  maintained 
at  a sufficiently  high  level  to  achieve  an  adequate  torsional  llutter  paranieter.  This  parameter 
is  defined  as  bcoj  where  b is  the  chord  length  in  feet  and  cj,  is  the  first  torsional  blade  fre- 
quency in  radians/sec. 

6.1.2  Stress  Considerations 

6. 1.2.1  Airfoil 

The  general  stress  criteria  used  in  fan  blade  design  include  yield  stress,  low  cycle  fatigue  (LCF), 
and  creep. 

Low  magnitude  vibratory  stresses,  combined  with  high  level  steady  state  stresses,  create  a 
potential  fatigue  problem  in  fan  blades.  In  addition  to  stress  due  to  aerodynamic  loading, 
steady  state  stresses  result  from  centrifugal  forces  (P/A  stress),  blade  untwist,  and  restrained 
warping.  Under  centrifugal  loads,  large  torsional  moments  are  developed  in  the  rotating  blades 
because  of  blade  pretwist  and  the  asymmetric  blade  geometry  with  respect  to  the  plane  of  ro- 
tation. The  fixed  condition  of  the  hub  prevents  warping  and  results  in  longitudinal  (restrained 
warping)  stresses.  Blade  untwist  and  camber  variation  due  to  torsion  cause  additional  longi- 
tudinal stresses. 

Vibration  of  the  blades  induces  torques  and  moments  resulting  in  high  frequency  stresses. 

The  magnitude  and  frequency  of  these  vibratory  stresses  depends  upon  the  natural  frequency 
of  the  blades  and  disks  and  are  a function  of  the  torsional  and  bending  rigidities  of  the  systems. 
A yield  strength  criterion  is  traditionally  applied  to  metallic  fan  blades  because  experience 
has  shown  tliat  vibratory  fatigue  failures  are  avoided  by  limiting  the  steady  stress  to  a fraction 
of  tlie  yield  strength.  With  composites,  the  criterion  is  to  limit  the  steady  stress  to  a fraction 
of  the  composite  ultimate  strength  since  yield  strength  essentially  coincides  witli  the  ultimate 
strength. 

6. 1.2.2  Root  Attachment 

Blade  attachments  transmit  tensile,  bending,  bearing,  shear,  and  torsional  loads  from  the  air- 
foil to  the  disk.  A design  constraint  is  that  the  attachment  must  be  stronger  than  the  airfoil 
so  tliat,  in  the  event  of  failure,  the  failure  will  occur  in  the  airfoil  section  of  the  blade  rather 
than  the  more  massive  attachment  section,  thereby  minimizing  secondary  damage.  The  blade 
attachment  must  have  sufficient  strength  to  withstand  the  high  induced  inertial  loads  and  in 
addition,  must  be  designed  so  that  stress  concentrations  are  reduced  to  a level  where  they  will 
not  be  adversely  affected  by  the  vibratory  loading  environment. 
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To  design  the  blade  attachments,  P&WA  has  developed  a computerized  finite-element  tech- 
nique by  which  the  stresses  in  this  attachment  can  be  accurately  analyzed.  In  this  technique, 
the  elastic  continuum  is  replaced  by  a mesh  of  interconnected  quadrilateral  elements  of 
known  stiffness.  Equilibrium  and  compatibility  conditions  at  the  nodal  points  are  then  satis- 
fied and  a system  of  simultaneous  equations  is  generated.  The  solution  to  these  equations 
approximates  the  exact  elasticity  solution. 

Figure  6. 1-4  is  a schematic  of  a typical  finite  element  model  of  a blade  attachment  design. 
Because  of  symmetry,  only  one-half  of  tlie  design  need  be  considered  provided  appropriate 
boundary  conditions  are  specified  along  the  axis  of  symmetry.  As  can  be  seen,  the  element 
size  can  be  varied  throughout  tlie  body  - small  elements  in  areas  of  rapid  stress  variation  and 
larger  elements  where  stresses  vary  more  slowly.  Tliis  provides  the  means  to  more  accurately 
determine  stress  profiles  and  stress  concentration  factors. 

6.2  BLADE  DESIGN  METHODOLOGY 

A disciplined,  orderly  design  procedure  was  implemented  to  ensure  a successful  fan  blade  and 
rotor  design  as  well  as  to  provide  a cost  effective  design  effort  which  would  minimize  duplica- 
tion of  effort  and  optimize  the  analytical  iterations  required.  An  outline  of  the  procedure  is 
as  follows: 

1.  Fan  flowpath  and  blade  airfoil  contour  technical  data  were  determined.  These  data  were 
based  on  the  TF30-P-d  engine  B/M  blade  data. 

2.  Fiber  volume  percent,  airfoil  weight,  and  centrifugal  pull  were  determined  based  on 
the  required  fan  speed  plus  ten  percent.  This  data  identified  tlie  root  load  carrying 
requirements. 

3.  The  blade  attachment  was  designed  taking  into  account  the  design  constraints  described 
in  Section  6. 1.2.2  of  this  report  as  well  as  manufacturing  considerations.  Altliough 
blade  root  and  disk  lug  attachment  stres.ses  were  calculated  in  the  same  way  as  for  a 
metal  blade,  particular  attention  was  paid  to  tooth  shear  and  bearing  stresses  as  well  as 
the  bonded  root  joint  shear  stress  because  of  the  anisotropic  properties  of  composites 
materials.  In  addition,  the  broach.angle  of  the  blade  root  attachment  was  optimized 

so  as  to  produce  the  smoothest  flow  of  fibers  into  the  root. 

To  form  the  root  section,  the  fiber  plies  which  make  up  the  blade  were  translated  from 
the  aerodynamic  airfoil  section  into  a rectangular  wedge  shaped  root  and  splayed  into 
two  fiber  bundles.  An  aluminum  wedge  was  inserted  between  the  bundles,  and  titanium 
root  pads  were  bonded  to  the  outer  surface  of  the  fiber  bundles.  The  root  pads  provided 
the  surface  necessary  to  carry  the  bearing  loads  produced  by  the  interaction  of  centrifu- 
gal force  and  the  restraining  lug  of  the  disk.  Figure  6.2-1  shows  a cross-section  of  this 
design. 
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The  rectangular  shape  of  the  root  simplifies  manufacturing  the  aluminum  wedges  and 
titanium  root  pads.  To  achieve  maximum  shear  strength  of  the  bonded  joint,  the  mat- 
ing surfaces  were  matched  as  closely  as  possible.  The  design  aim  is  to  obtain  the  smooth- 
est possible  transition  in  the  shortest  radial  length.  This  will  minimize  overall  blade  length 
and  consequent  vibratory  problems  as  well  as  avoiding  the  possibility  of  imposing  more 
stringent  pitch  limitations  on  the  disk  lug  design. 

Althougli  the  design  criteria  are  not  identical  to  those  for  metal  blades,  every  effort  was 
made  to  adhere  to  proven  disk  and  blade  design  relationships. 

4.  Concurrent  witli  the  design  effort  which  provided  the  basic  configuration,  the  fiber 
orientation  of  the  plies  was  optimized  so  that  the  vibratory  and  stress  criteria  would  be 
adequately  met.  The  core  and  shell  construction  was  selected  as  the  best  means  of  meet- 
ing all  design  criteria,  including  torsional  creep  (untwist)  of  the  airfoil. 

5.  After  determining  the  fiber  orientation  and  both  the  radial  and  axial  blade  tilt,  a com- 
puter program  was  developed  to  determine  the  fiat  pattern  shape  of  each  ply  to  be  used 
in  the  blade  construction.  The  airfoil  taper  established  the  overall  span  length  of  each 
ply. 

6.  Finished  tolerances  were  determined  to  be  those  expected  of  a titanium  olade;  conseq- 
uently, techniques  to  calculate  the  blade  tip  clearance  and  root  balance  were  those  used 
for  titanium  blades.  However,  it  was  expected  that  actual  clearances  miglit  differ  due  to 
changes  in  tlie  coefficient  of  expansion  and  density  of  the  composite  material,  plus 
lower  airfoil  stiffness. 

6.3  FINAL  BLADE  DESIGN  AND  CONSTRUCTION 

The  blade  has  an  overall  length,  including  root  attachment,  of  approximately  ten  inches;  chord 
length  is  approximately  three  inches.  Tlie  blade  weight  is  only  6.6  ounces,  40  percent  lighter 
than  the  TF30-P-‘)  engine  B/M  blade.  Tlie  airfoil  has  a maximum  twist  of  49°  and  a maximum 
camber  of  68°.  Its  leading  and  trailing  edges  are  a maximum  of  26.4  mils  thick.  Tlie  blade  is 
designed  to  operate  at  a maximum  tip  speed  of  1500  ft/sec  and  at  a maximum  temperature 
of  470°  F. 

6.3.1  Airfoil 

The  airfoil  is  constructed  of  6061  aluminum  alloy  matrix  material  reinforced  with  a 50  per- 
cent volume  of  4.2  mil  BORSIC®  fiber  (boron  fiber  coated  with  silicon  carbide).  Tire  al- 
uminum alloy  matrix  material  was  chosen  because  of  its  superior  tabricability  and  good 
corrosion  resistance  as  well  as  Pratt  & Whitney  Aircraft  experience  with  the  material.  Coated 
boron  fiber,  rather  than  uncoated,  was  chosen  also  because  of  tabricability ; the  BORSIC^ 
fiber  allows  a greater  range  of,  and  higher,  processing  temperatures. 

Figure  6.3-1  shows  a cross  section  of  the  core  and  shell  blade  construction  as  well  as  the  fiber 
orientation  in  each  element.  Tlte  inner  core  is  composed  of  all-radially  oriented  fibers  to  pro- 
vide both  bending  stiffness  and  strength  in  the  radial  (root-to-tip)  direction.  In  the  shell  the 
alternate  fiber  layers  are  oriented  ±45°  to  the  radially  oriented  core  fibers.  The  orientation 
of  the  fibers  in  the  shell  provides  the  required  torsional  stiffness  and  creep  strength. 
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Hie  ratio  of  shell-core-shell  thickness  is  20  percent-60  percent-20  percent  based  on  the  max- 
imum thickness  at  a given  airfoil  cross  section.  This  thickness  ratio  is  maintained  from  blade 
root  to  tip.  A total  of  44  plies  is  used  in  the  root  area,  only  13  of  which  extend  to  the  tip. 

The  44  ply  shapes  at  the  root  were  established  by  computer  after  the  airfoil  aerodynamic 
parameters  were  established.  Tire  inner  most  radial  ply  is  the  smallest  and  the  outermost 
“cross”  ply  is  the  largest.  Figure  6.3-2  shows  the  relative  sizes  of  the  plies. 

To  provide  protection  against  sand/dust/ rain  erosion  and  the  types  of  FOD  encountered  in 
a fan’s  third  stage  (normally  gravel  and  small  metal  objects)  the  airfoil  has  a nickel-cobalt 
leading  edge  extending  from  the  tip  to  within  one  inch  of  the  root.  Figure  6.3-3  shows  this 
protection  while  Figure  6.3-4  shows  a cross  section  of  the  leading  edge.  Nickel-cobalt  (Ni-Co) 
alloy  was  selected  rather  than  hardened  nickel  for  the  leading  edge  because  it  exhibits  superior 
hardness  above  350°F. 

An  alternate  leading  edge  design  consisting  of  a two-piece  titanium  alloy  sheath  was  developed 
but  was  abandoned  because  of  substantially  higher  cost  and  fabrication  difficulty.  Figure 
6.3-5  shows  the  alternate  design. 

6.3,2  Root  Attachment 

Figure  6.3-6  shows  the  low-wedge,  one  inch  splay  radius,  titanium  dovetail  attachment  se- 
lected for  the  advanced  composite  fan  blade,  while  Figure  6.3-7  is  a sketch  of  the  titanium 
dovetail  attachment  geometries  considered.  The  low  wedge  attachment  was  selected  and 
fabricated  under  this  program.  The  selected  design  has  several  advantages  over  the  aluminum 
double-dovetail  attachment  design  developed  and  tested  under  the  Advanced  Composite 
Engine  Program,  Phase  1,  Air  Force  Contract  F33615-69-C-165 1 and  discussed  in 
Technical  Report  AFML-TR-70-89,  J.  A.  Mangiapane.  April,  1970.  The  prime  advantage  is 
the  ample  shear  strength  of  the  titanium  pads;  a ratio  of  maximum  titanium  shear  stress  at 
redline  speed  and  450°F  to  allowable  titanium  shear  stress  at  the  same  conditions  is  0.53. 

Other  advantages  include  simpler  geometry,  superior  wear  resistance  and  a high  bearing  strength 
throughout  the  operating  temperature  range. 

6.4  VIBRATION  ANALYSIS 

Blade  vibration  analyses,  using  B0RS1C®/Aluminum  composite  material  properties  at  both 
room  temperature  and  450°F,  were  conducted.  The  effect  of  the  Ni-Co  leading  edge  was  in- 
cluded in  the  analysis.  Figures  6.4-1  and  6.4-2  are  resonance  diagrams  showing  the  results 
of  these  analyses. 

The  analyses  indicated  that,  at  both  room  temperature  and  450°F  the  TF30-P-9  BORSIC®/ 
Aluminum  fan  blade  with  FOD  protection  will  be  excited  in  first  bending  by  2E  engine  fre- 
quency at  about  5000  rpm.  Tliis  rpm  is  just  above  idle  in  the  engine  operating  range  which 
would  occur  only  during  rapid  descent  from  high  altitude.  The  5000  rpm  speed  does  not 
coincide  with  any  potential  operating  speed  of  extended  duration. 
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riie  coupled  blade-disk  second  mode  2-nodal  diameter  frequency  satisfies  the  Pratt  & Whitney 
Aircraft  imposed  ten  percent  margin  requirement  on  2K  excitation  at  redline  engine  speed. 

To  meet  this  requirement  for  a Ni-C'o  FOD  protected  blade,  the  disk  design  incorporates  a 
live-rim  thickne.ss  0. 1 inch  larger  than  the  rim  thickness  of  a disk  designed  for  a blade  with 
titanium  FOD  protection.  Figure  b.4-3  is  a sketch  which  compares  the  two  disks. 

The  shroudless  BORSlC®/Aluminum  blade  with  FOD  protection  exhibits  a flutter  parameter, 
tb  toj  = 1187  ft/sec)  such  that  torsional  flutter  is  not  anticipated.  This  conclusion  is  re- 
infoived  by  the  results  of  a rig  test  conducted  on  shroudless  third  stage  titanium  blades 
having  a b Wj  of  1 120  fl/sec.  Test  results  indicated  that  the  blades  were  flutter  free. 

6.5  STRESS  ANALYSIS 

6.5.1  Airfoil  Steady  Stress  and  Test  Analyses 

A gas-bending  and  blade  tilt  analysis  was  conducted  on  the  BORSIC®/Aluminum  blade  in  or- 
der to  equalize  the  maximum  shei!  stresses.  The  shell  stresses  are  a maximum  at  two  points  on 
the  blade  airfoil  root,  on  the  convex  side  at  the  leading  edge,  and  at  point  A as  shown  in 
Figure  6.5-1.  The  maximum  shell  stress  (combined  P/A,  restrained  warping,  and  gas-bending 
stresses)  at  the  leading  edge  is  reduced  by  tilting  the  blade  to  create  a moment  which  acts 
against  the  gas-bending  moment.  The  level  of  stress  reduction  which  can  be  achieved  in  this 
way  is  limited  because,  as  the  leading  edge  stress  is  reduced,  the  stress  at  point  A increases. 

The  optimum  tilt  is  attained  when  the  leading  edge  sliell  stress  with  maximum  gas  loading 
equals  the  shell  stress  at  the  three-fourth  chord  position  on  the  convex  surface  with  minimum 
gas  loading. 

This  analysis  indicated  that  the  recommended  stack  line  offsets  (tilt)  were  0.2  inches  tangential 
and  0.03  D>  inches  axial  at  the  blade  tip.  Table  6.5-1  lists  the  elastically  calculated  longitudinal 
stress  components  and  their  vector  sum  at  the  locations  of  jH'ak  stress  at  the  airfoil  root  sec- 
tion ( r = 7.01  in.).  Values  are: 


TABLE  6.5-1 

MAXIMUM  AIRFOIL  STATIC  STRESS  (psi) 

Conditions:  Mach  No.  1.2,  Sea  Level,  Max  Afterburner.  Fan  Speed  10,355  rpm 


Core  (0°  fiber  orientation) 

Shell  (t4S°  fiber  orientation) 

3/4  Chord  (CV) 

Leading  Edge 

P/A(p 

32,170 

18.000 

Restrained  Warping 

21,000 

24..S00 

Tilt  and  Gas  Bending 

2,406 

1.410 

Total 

55..S76 

43,010* 
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TABLE  6.5-1  (Cont’d) 


Frr 

} 


Conditions:  Min.  Gas  Load,  Fan  Speed  = 10,350  rpm 


3/4  Chord  (CV) 


3/4  Chord  (CV) 


P/A 

Restrained  Warping 
Tilt  and  Gas  Bending 
Total 


.12,170 

18,000 

21,000 

1^,450 

7,070 

6.920 

60,240 

44,370* 

* Balanced  Stresses 

The  recommended  stack  line  otisets  (tilt)  were  determined  by  balancing  the  total  longitudinal 
stress  at  the  leading  edge  of  the  shell  (maximum  gas  loads,  Mach  No.  1 .2,  sea  level,  maximum 
afterburner  flight  conditions)  against  the  total  longitudinal  stress  at  the  three-fourth  chord 
position  on  the  convex  shell  surface  (minimum  gas  load  at  fan  speed  of  10,350  rpm). 

6.5.2  Titanium  Dovetail  Attachment 

The  titanium  dovetail  attachment  was  optimized  by  using  a finite  element  method  of  ana- 
lysis to  determine  the  combination  ol  fiber  splay  radius  and  wedge  heiglit  which  would  re- 
sult in  minimum  interlaminar  shear  stress  in  the  ±45°  oriented  fiber  cross-plies.  Two  wedge 
heiglits  were  considered,  and  several  splay  radii  were  analyzed  tor  each  wedge  configuration. 
Figure  6.5-2  shows  a plot  of  maximum  and  average  interlaminar  shear  stress  in  the  cross-ply 
layets  versus  tlie  splay  radius  for  the  “higli"  and  “low”  wedge  designs.  The  optimum  design 
is  indicated  to  be  a low  wedge  combined  with  a small  splay  radius. 

The  minimum  bend  radius  to  which  the  fibers  can  be  subjected  is  limited  by  the  maximum 
allowable  bending  stress  induced  in  the  fibers  by  curvature.  Unidirectionally  oriented  fibers 
(core)  may  be  bent  about  a minimum  radius  of  0.75  in.  while  the  cross  ply  fibers  (shell)  may 
lie  bent  about  a minimum  radius  of  0.375  in.  Bending  about  these  minimum  radii  will  induce 
a maximum  160.000  psi  bending  stress  in  the  fibers.  Figure  6.5-2  shows  that  tlie  interlaminar 
shear  stresses  for  the  cross  ply  layers  ol  the  optimized  dovetail  design  are  less  than  tlie  allow- 
able value  of  5,300  psi  or  66.6  pereent  of  the  shear  strength. 

In  the  optimized  configuration  the  fibers  are  splayed  by  a single  aluminum  wedge  which 
produces  a minimum  splay  radius  of  0.75  in.  in  the  unidirectionally  oriented  libeis.  Tlie 
titanium  pads  provide  ample  shear  and  bearing  strength  throughout  the  operating  temperature 
range. 

The  root  design  point  shown  in  Figure  6.5-2  was  based  on  tabricability  and  inspectability 
considerations  as  well  as  laminar  sliear  strength.  Although  the  stress  optimized  design  results 
in  a slightly  lower  shear  stress,  the  larger  bend  radius  of  the  actual  design  point  (one  inch  vs 
three-fourths  inch)  reduces  fabrication  ditticulties  at  the  root  and  tacilitates  ultrasonic  in- 
spection. In  either  case,  the  average  shear  stress  is  well  below  the  allowable  value  and  the  max- 
imum shear  stress  is  not  affected  at  all. 
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Figure  6.1-4  Typical  Finite  F.leincnt  of  <j  Blade  Attachment  llesign 
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MIDCHORD  SECTION 


AMS  6061  ALUMINUM  WEDGE 


AMS  4928  TITANIUM  DOVETAIL 


F/(jMre  6.3-6 


The  Low-Wedge,  One-Inch  Splay  Radius,  Titanium  Dovetail  Attachment 
Selected  for  the  BORSIcf^lAl  uminum  Blades  Designed  and  Fabricated  Under 
This  Program 
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LEADING 

I'igure  6.5- 


t Cross  Section  View  Showing  Points  of  Maximum  Shell  Stress 
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7.0  FABRICATION.  rOOLIN(J  AND  FQDIPMFNT 

The  fabrication  processes  aiul  tooling  used  in  producing  the  BORSlC^/AUiinimnn  tliird-stage 
fan  blades  under  tliis  contract  were  developed  specifically  to  meet  the  needs  of  this  pro- 
graitt;  i.e.,  a short  production  nin  application.  I'mphasis  was  placed  on  developing  the 
techniques  and  tools  neces.sary  to  ensure  feehnical  success  rather  than  conducting  an  effort 
dia'cted  toward  possible  future  lotig  (uoduclion  run  cost  opliini/ation. 

7.1  FABRICATION  PROCFSStS 

7.1.1  DevelopnienI 

Stringent  process  control  parameters  were  established  and  adhered  to  throughout  the  pro- 
gram. fhese  parameters  will  form  the  basis  for  fabricating  llight  quality  hardware.  In  the 
blade  boiuling-diffusion  |>roeess  the  alnios|dieric  pressure  in  the  retort  was  reduced  to  a 
maximum  of  l(H  I'oir.  the  dies  were  heateil  to  lO.SO"  l I0‘’l'.  and  a load  of  5000  psi  was 
applied  for  I..''  hours.  Although  luWding  these  parameters  was  relatively  difllcult.  it  was  an 
ellective  method  ot  ensuring  that  the  techitieal  success  r>f  the  program  would  not  be  compriv 
mised  l owering  the  standarvis  could  have  icsullcil  in  such  a compromise 

Dtiring  the  ilevelopinent  stages  of  the  process,  two  problems  were  defined  wmen  nau  to  I'e 
solved  before  fabricating  I'arts  of  high  quality. 

rite  tlrst  involved  fabricating  the  titanium  root  blocks  to  a H).002  in  tolerance.  Figure  7, 1-l 
shows  these  blocks.  Machining  was  cintsen  over  casting  or  forming  as  the  most  feasible  meth- 
od of  producing  the  blocks.  Both  tracer  machining  (from  a master)  atul  numerical  tape  con- 
trol (NO  machining  were  possible,  fhe  NC  tape  approach  was  tried  unsuccessfully.  Subse- 
ipient  trials  using  the  tracer  technique  were  even  less  successlul.  Improvetl  tooling  was  then 
rlevelo(>etl  and  the  NC  at'proaeh  again  tried.  This  residted  in  the  successful  aiul  consistent  pro- 
duction of  engine  quality  (larts. 

rite  pa'senee  of  a secomi  (troblem  .la'a  was  ivcogni/ed  witen  initial  s|'in-pil  proof  testing  i>f 
the  blades  a-sulted  in  several  failua's  at  1 1.5  percent  design  speeil.  It  was  determined  that 
Itigh  a*sidual  sta'sses  induceil  in  the  (Ibcrs  during  the  hot-pic.ssing  operation  wea’  causing  the 
failua's.  Initial  ivmedial  action  was  to  ivlieve  the  sta-sses  by  ailjusting  the  ctn'l-down  rale  of 
the  die.  Success  by  this  methoil  was  inconsistent,  so  an  SOO''!'  heat-treat  was  applieil  to  the 
blades  in  their  finished  configuration.  I'his  proceilure  solved  the  problem  and  no  furtber 
blade  failures  were  experienced  either  in  sihn-pit  or  engine  environment  testing. 

During  this  developmental  period  .5‘)  blade.s.  1-1  through  l-.S‘).  were  either  not  processed 
by  optimum  proceilures  ordestroyeil  in  spin-pit  testing. 

7.1.2  Finnliml  Fabrication  Seqiienee 

Table  7.1-1  outlines  the  sequence  of  operations  used  in  producing  the  blades  from  which  all 
engine  test  blades  were  selected.  I’his  sequence  was  used  to  fabricate  I8‘>  blades  (I  -no 
through  I’-248). 
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TABLE  7.1-1 

FABRICATION  SEQUENCE 
TF30  Third-Stage  Composite  Fan  Blade 

Sequence 

No.  Operation 

1.  Cut  44  plies  of  BORSlC®/Aluminum  tape  to  correct  shapes. 

2.  Cut  three  plies  of  .005"  6061  A1  foil. 

3.  Machine  two  6-4  titanium  root  blocks. 

4.  Machine  one  6061  A1  wedge. 

5.  Stack,  preform,  and  tack-weld  plies  together  into  three  packages. 

' 6.  Record  weight  of  blade  components. 

7.  Tack-weld  together  three  ply  packages,  wedge,  and  root  blocks. 

8.  Load  assembly  into  closed  die. 

9.  Transfer  die  to  vacuum  retort/press  facility. 

10.  Reduce  pressure  in  retort  to  10  ^ Torr  or  lower,  induction  heat  die  to  1050  ± 
t0°F,  load  blade  to  5000  psi  (78.5  tons),  hold  for  1.5  hrs.,  cool  down. 

1 1 . Remove  compacted  blade  from  die,  deflash  edges,  and  clean  blade. 

12.  Perform  in-process,  non-destructive  inspection  (density  determination,  ultrasonic 
C-scan,  acoustic  emission). 

1 3.  Electroplate  nickel-cobalt  leading  edge  protection  on  airfoil. 

14.  Shuttling 

1 5.  Machine  root  form,  platform,  and  undercut,  by  grinding. 

1 6.  Machine  blade  lock  slot  by  electro-discharge  machining  (EDM). 

17.  Machine  blade  tip  by  EDM  (rough)  and  grinding  (finish). 

18.  Clean  and  heat  treat  at  800°F  for  3 hours  (two  cycles). 

19.  Check  airfoil  twist. 
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TABLE  7. 1-1  (Coni.) 
FABRICATION  SEQUENCE 
TF.^0  Third-Stage  Composite  Fan  Blade 


Sequence 

No.  Operation 

20.  Mark  Made  with  proper  ideiitirication. 

21.  Inspect  Made  din\ensions. 

22.  Inspect  blade  root  by  nuorescent  penetrant  inspection  (I'lM). 

2.^.  Determine  blade  natural  treiinencies  in  first  and  second  bciulin!:,  and  first 
torsional  inodes. 

24.  I’roof  spin  to  I 2.1  50  ri'in  (5  c>cles). 

25.  X-ray  blade  airfoil. 

26.  Mark  blade  with  api’ropriate  experimental  tliiiht  quality  mark. 

7.2  FABRICATION  TOOLING  AND  TECHNIQUES 

7.2.1  Ply  Culling  (Sequence  Nos.  I and  2) 

After  establishing  the  final  ply  shapes  to  be*  used  in  this  program,  a ply  cutting  tool*  was 
designed  and  fabricated.  I’igures  7.2-1  through  7.2-4  show  the  tool  and  illustrate  its 
operation. 

The  tool  consists  of  44  steel,  ply-shaped  templates,  one  for  each  of  the  renjuired  ply  shapes. 

The  templates  were  assembled  into  a single  texrl  by  adhesively  mounting  on  a steel  backing 
plate.  Sharp  upper  corners  were  produced  on  the  templates  by  means  of  a “skim”  cut  on 
the  upper  surface  of  the  template  assembly.  To  operate  the  tool,  a sheet  of  B(7RS1C®/Alumi- 
num  tape  was  placed  on  the  cutting  .surfaces  of  the  tool.  A sheet  of  reinforced  cork,  approxi- 
mately one-half  inch  thick  was  then  placed  on  top  of  the  tape.  I his  “sandwich"-tool,  BORSIC®/ 
Aluminum,  and  cork  was  then  pas.sed  through  a .set  of  rubber  rollers.  The  pressure  applied 
by  (he  rollers  was  transmitteil  through  the  cork,  thereby  pressing  the  com|H).site  sheet  against 
the  templates  which  punched  out  the  ply  shapes. 

In  this  program,  approximately  50  si'ts  of  plies  couki  be  produced  befon*  another  skim  cut 
was  needed  to  sharpen  the  tool. 


*A  similar  foot  wuj  used  in  (hasr  II of  the  AthanteJ  Compi'site  l.'ngine  /'rxtgram.  Air  I'orce  Omlraet  l^'■.t.ifl|^■fiV  C-tfiM 
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7.2.2  Root  Blocks  (Sequence  No.  3) 

Two  titanium  root  blocks,  shown  in  Figure  7. 1- 1,  arc  used  in  each  blade.  Fach  of  the 
blocks  has  one  contoured  surface  with  compound  curvature;  the  remaining  surlaces  are  Hat, 

The  contoured  surface  was  machined  in  a Numeric  Keller,  and  airfoil-section  charts  were 
used  to  prepare  the  numerical  control  tape.  To  maintain  the  dimensional  tolerance  of 
±0.002  in.  required  for  this  surface,  special  procedures  had  to  be  developed  and  implemented. 

These  were: 

• Parts  were  machined  one  at  a time  to  assure  optimum  control,  even  though  the 
Numeric  Keller  used  is  a three-spindle  machine, 

• A special  tapered-shank  cutting  tool  was  designed  which  provided  precise  tool 
location. 

• The  cutting-tool  head,  shown  in  Figure  7.2-5,  was  made  non-spherical  in  order  to 
provide  a more  uniform  cutting  rate  as  the  tool  moved  up  or  down  the  shoulders 
of  the  contoured  surface  of  the  block. 

Tapped  holes  were  provided  in  the  surface  of  the  blocks  opposite  the  contoured  surface  to 
allow  bolting  to  the  Numeric  Keller  mounting  plate.  During  final  machining  of  the  blade 
root  these  holes  were  eliminated. 

7.2.3  Wedge  (Sequence  No.  4) 

Each  blade  requires  an  aluminum  (6061  aluminum  alloy)  wedge  to  splay  the  fibers  in  the 

blade  root.  To  fabricate  this  wedge,  a full  ring  having  the  required  cross  section  was  turned  i 

on  a lathe.  The  ring  was  then  cut  into  three  sections,  each  of  which  was  sufficiently  long  to 
form  a single  wedge.  Figure  7.2-6  shows  one  of  these  sections.  Because  the  tip  of  the 
wedge  was  designed  to  be  as  close  as  possible  to  a knife  edge,  it  had  to  be  supported  by  a 

back-up  tool  when  the  final  cut  was  made.  j 

I 

7.2.4  Preforming  and  Spot  Welding  Plies  ( Sequence  No.  S) 

To  facilitate  loading  the  plies  into  the  forming  die,  a preforming  tool  was  designed  and 
fabricated  in  order  to  assemble  the  44  plies  required  for  each  blade.  Figure  7.2-7  shows  the 
plies  required  to  fabricate  a blade.  The  tool,  shown  in  Figure  7.2-8  was  contoured  to 
duplicate  the  airfoil  twist  and  camber.  The  tool  was  used  to  assemble  the  44  plies  into 
three  separate  packages.  The  assembly  operation  consisted  ol  manually  pressing  the 
individual  plies  against  the  contoured  surface  of  the  tool  and  then  spot  welding  them  to  a 
five  mil  6061  aluminum  alloy  foil  .sheet  and/or  to  each  other  in  non-critical  areas.  To 
facilitate  the  welding  operation,  shown  in  Figure  7,2-‘).  the  preform  tool  was  made  of 
copper. 

Figure  7.2-10  shows  the  three  packages  of  plies  produced  for  each  blade  during  the 
preforming  and  spot  welding  process. 
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7.2.S  Diffusion  Bonding  (Sequence  Nos.  8,  9,  10) 

Figures  7.2-1 1 and  7.2-8  show  the  blade  bonding  tool.  This  tool  is  a closed  die  consisting 
of  a contoured  upper  punch  and  lower  die,  two  tapered  side  plates,  two  tapered  end  plates, 
and  a retaining  ring.  The  retaining  ring  both  aligned  and  contained  the  internal  die  com- 
ponents as  well  as  acting  as  a susceptor  (heat  generating  body)  during  the  induction  heating 
process.  The  tool  is  referred  to  as  a “balanced”  die  because  the  root  and  tip  chord  angles 
are  equal  relative  to  the  line  of  action  of  the  punch. 

Rectangular  cavities  at  the  root  end  of  the  punch  accommodate  the  titanium  root  blocks. 

Three  thermocouples,  which  pass  through  the  upper  surface  of  the  punch,  measure  root , 
midspan,  and  tip  temperatures  during  the  diffusion  bonding  process.  A fourth  thermo- 
couple measures  the  temperature  of  the  susceptor  ring. 

Water-cooled  induction  heating  coils,  made  of  copper  tubing,  are  wound  around  the 
susceptor  ring,  as  well  as  around  the  upper  flange  of  the  punch  and  the  lower  flange  of  the 
die.  Die  stops  between  the  punch  flange  and  the  end  and  sideplates  limit  the  downward 
travel  of  the  punch  during  the  pressing  operation. 

In  operation,  the  die  was  placed  in  a 42-inch  diameter  vacuum  retort  which  was  mounted  in 
a 150-ton  hydraulic  press.  A ten-inch,  high-speed,  vacuum  diffusion  pump,  connected  to  the 
retort,  had  the  capability  to  reduce  the  retort  pressure  to  1 O'-**  Torr.  Supplementary  controls 
and  load,  temperature,  and  vacuum  recording  instrumentation  completed  the  installation. 

Figure  7.2-12  shows  the  vacuum  retort/press  facilities  used. 

Figure  7.2-13  is  a chart  showing  the  heat-up,  hold,  and  cool-down  cycle  which  comprised 
the  total  diffusion  bond  process.  The  heating  cycle  took  about  five  hours  normally  and  was 
performed  as  rapidly  as  possible,  consistent  with  maintaining  a vacuum  of  10"^  Torr  or  better. 
The  hold,  or  bonding  cycle,  was  accomplished  in  1 .5  hours  at  a temperature  of  1040°F-1060°F, 
a ram  pressure  of  5000  psi,  and  a vacuum  of  10“^  Torr  or  more.  Halting  the  induction  heat- 
ing initiated  the  cool-down  cycle.  The  system  was  then  allowed  to  cool  at  its  natural  rate  to 
600°F  while  the  vacuum  of  10’^  Torr  was  maintained.  When  600°F  was  reached,  the  retort 
was  opened,  argon  was  introduced  into  the  retort  and  air  cooling  continued.  At  400°F,  the 
die  was  removed  from  the  retort  and  disassembled.  As  Figure  7.2-13  shows,  the  cooling  cycle 
took  approximately  three  hours  and  the  total  diffusion  bonding  cycle  required  between  nine 
and  ten  hours. 


The  die  was  then  disassembled  and  the  blade  was  visually  examined.  The  final  punch  posi- 
tion was  determined  by  measuring  the  height  of  the  rivets  above  the  die  stops.  The  die 
components  were  then  cleaned  and  prepared  for  the  next  bonding  cycle. 

A total  of  168  blades  were  pressed  in  a single  die  with  no  significant  die  wear  or  distortion. 
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Artificially  retarded  cool-down  cycles  were  tried  early  in  the  program  in  an  effort  to  reduce 
blade  residual  stresses.  The  effectiveness  of  this  approach  proved  inconsistent  and  a heat- 
treat  cycle,  described  in  a subsequent  paragraph  of  this  report,  was  far  more  successful. 

7.2.6  Deflashing  (Sequence  No.  1 1 ) 

Because  the  blades  were  pressed  in  a closed  die,  the  aluminum  Hash  at  the  leading  and 
trailing  edges  was  a “vertical”  Hash  as  shown  in  Figure  7.2-14.  This  flash  was  removed  by 
hand  filing;  no  special  tools  were  used. 

7.2.7  Leading  Edge  Plating  (Sequence  No.  1 3) 

Electroplating  of  the  Ni-Co  leading  edge  was  accomplished  using  the  tooling  shown  in 
Figures  7.2-15,-16,  and  -17.  The  tool  was  shaped  to  control  the  amount  of  fluid  available 
to  the  leading  edge  regions,  so  that  a heavy  build-up  of  plate  would  occur  at  the  edge  and 
a lesser  thickness  of  plate  would  occur  in  the  regions  farther  from  the  edge.  This  resulted 
in  the  tapered  configuration  shown  in  Figure  4.3-4,  Section  4.3.  The  plating  fluid  was 
forced  to  circulate  past  the  leading  edge  from  tip  to  root  in  order  to  sweep  away  gas 
bubbles  which  tend  to  cling  to  the  leading  edge  and  cause  pitting.  Forced  circulation 
decreased  plating  time  as  well. 

A taper  at  the  inboard  (root)  end  of  the  leading  edge  plate  was  also  required.  This  was 
accomplished  by  using  a “thieF’  wire  at  that  location.  This  wire  captured  current  normally 
available  to  the  blade,  and  as  a result  reduced  the  plating  thickness  in  the  local  area  around 
the  wire. 

Standard  electroplating  tanks  and  current  controls  were  used  for  this  process.  The  current 
controls  were  constructed  to  handle  three  blades  simultaneously.  Table  7.2-11  outlines  the 
plating  process  sequence. 

7.2.8  Shuttling  (Sequence  No.  14) 

To  prepare  for  final  machining,  the  blades  were  fixed  in  shuttles  which  are  short,  thick- 
walled  tubes  (usually  square  or  hexagonal)  with  ends  and  outer  surfaces  machined  flat. 

The  blades  were  inserted  in  the  shuttle  to  a point  just  above  the  root  as  shown  in 
Figure  7.2-18.  A comparator  image  of  an  airfoil  section  near  the  root  was  used  to  properly 
orient  the  blade  with  respect  to  a reference  surface  on  the  shuttle.  Originally.  C’errobend 
was  used  to  fill  the  shuttle  cavity  in  order  to  fix  the  blades  firmly  in  place.  Toward  the  end 
of  the  program  Cerrobend  was  replaced  by  Rigidax  WINF  yellow,  a reinforced  wax.  to 
position  the  blades.  The  last  50  blades  (approximately)  were  shuttled  with  the  Rigidax 
WINF  yellow. 

7.2.9  Roof  Machining  (Sequence  Nos.  15  and  16) 

Due  to  the  presence  of  BORSIC® /Aluminum  on  some  of  the  root  surfaces,  the  root  shape 
was  produced  by  grinding.  Conventional  titanium  grinding  tools  were  used.  The  blade  lock 
slot,  .shown  in  Figure  7.2-19.  was  produced  by  EDM  again  using  conventional  tools, 

F'igurc  7.2-20  shows  the  blade  locks  which  were  also  produced  by  conventional  means. 


T' 


PRATT  R WHITNEY  AIRCRAFT  GROUP 


TABLE  7.2-II 

PROCESS  FOR  PLATING  NICKEL/COBALT  LEADING  EDGES  ON 
BORSIC®/ ALUMINUM  FAN  BLADES 


Sequence 

No. 


Operation 

Weigh  blade  and  record 

Tape  leading  edges  with  Mylar  tape 

Mask  (five  coats  PMC  1801) 

Trim  maskant 

Vapor  blast  (35  to  40  psi) 

Water  rinse 
Fixture 

Check  continuity 

PS48  dip  - fifteen  seconds  (HNO3-HF) 

Water  rinse 

PS30  dip  - fifteen  seconds  (zincate) 

Water  rinse 

PSI  1 dip  - ten  seconds  (HNO3) 

Water  rinse 

PS30  dip  - fifteen  seconds  (zincate) 

Water  rinse 

1 percent  sulfuric  dip  - five  to  ten  seconds 
Water  rinse 

Nickel/cobalt  plate  - three  hours  with  agitation  on  with  current  of  1 .5  amp. 
nickel  anode  and  1 .0  amp,  cobalt  anode 
Water  rinse 

Remove  from  fixture 

Visually  inspect  - if  acceptable,  remove  maskant  - if  not  acceptable,  strip  with 
50  percent  HNO3,  and  replate 
Weigh  blade  and  record  weight 
Bake  at  300°  to  350°F,  two  hours* 

Polish 


26.  Cut  one-half  inch  off  tip  for  hardness  check  and  analysis  (as  necessary) 

♦The  350°F  bake  improved  the  bond  between  the  plate  and  the  substrate  and  would  also 
reveal  a poor  bond  by  causing  blisters.  The  50  percent  cobalt.  50  percent  nickel  solution 
provided  a plate  hardness  greater  than  that  of  6-4  titanium  alloy. 
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7.2.10  Tip  Machining  (Sequence  No.  17) 

Using  the  finished  root  as  a position  reference,  the  blade  tip  was  rough  machined  by  EDM, 
and  finisli  ground.  Conventional  tooling  was  used. 

7.2.1 1 Heat  Treating  (Sequence  No.  18) 

Blades  were  heat  treated  at  800°  F by  suspending  them  from  a slotted  rack  shown  in 
Figure  7.2-21  and  heating  them  in  the  electric  oven  shown  in  Figure  7.2-22.  This  heat- 
treat  was  successful  in  relieving  the  residual  stresses  induced  during  the  diffusion  bonding 
cycle.  These  residual  stresses  had  caused  premature  spin-pit  proof  testing  failures  in  early 
blades  (Section  10.3.3,  Spin-Pit  Burst  Testing). 

7.2.1 2 Dimensional  Inspection  (Sequence  No.  21) 

Blade  root  form  was  inspected  in  process  using  a 1 OX  shadowgraph.  Airfoil  contour  was 
inspected  by  use  of  a New  England  Plotter  which  produced  a permanent  1 OX  plot  of  any 
desired  airfoil  station. 

Sequences  12,  22,  23,  24  and  25  refer  to  non-destructive  inspection,  which  is  covered  in 
Section  8.0. 
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7.2.13  Disk 

Figure  7.2-23  shows  the  third-stage  disk  which  was  produced  by  conventional  means  with 
the  exception  of  the  blade  slots.  Because  the  slots  had  to  be  deeper  than  normal,  they 
were  broached  with  two  sets  of  broach  cutters,  one  producing  the  upper  portion  of  the  slot, 
and  the  other  the  lower  portion  (Figure  7.2-24).  The  two-cut  approach  was  taken  to 
eliminate  the  expense  of  a new  broach. 

A full  set  of  process  operation  sheets,  describing  the  various  operations  in  detail,  accom- 
panied each  blade  through  its  manufacturing  cycle.  At  the  completion  of  the  cycle,  these 
sheets  were  filed  for  future  reference.  Critical  data  items  were  recorded  on  the  sheets  as 
well.  These  items  are  listed  in  Table  7.2-111. 

TABLE  7.2-III 

PROCESSING  INFORMATION  RECORDED 
ON  BLADE  OPERATION  SHEETS 

1.  BORSIC®/ Aluminum  tape  lot  number(s) 

2.  Total  weight  of  ply  package,  including: 

• Titanium  root  blocks 

• Aluminum  wedge 

• B0RS1C®/Aluminum  plies 

• Aluminum  foils 

• Shim 


3.  Weight  of  bonded  blade 


^ * 
j 

« * 


• • 

» I 

• • 

i: 


4.  Root  block  shim  thickness 

5.  Bonding  temperature 

6.  Vacuum  level  during  bonding 

•7.  Height  of  aluminum  rivets  above  stops 

*8.  Height  of  aluminum  rivets  above  die  flange  surface 

9.  Die  used 

♦These  measurements  indicate  the  position  of  the  punch  after  the  load  has  been  applied. 
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MIDCHORD  SECTION 


Figure  7.1-1  Titanium  Root  Blocks  Used  in  Fabrication  of  the  BORSlcf^l Aluminum  Fati 
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44  PLY  SHAPES 


re  7.2-1  Roll-Cutting  remphites  for  1T30-P-9  Third-Stage  BORSIC^JAlioninunt 
Fan  Blade 


borsic^tape  cutting  templates  backing  plate 


/T'unrc  7.2-2  Roll-Cutting  Sandwich  for  TI'.U)-P-9  I'hird-Stagc  BORSK.I . \lu)ni)iu}>i  I'an 
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7.2-4  liORSiC.  / .■\lii DiiHiini  Plw.<  .■\ftcr  Roll-C.iittin\; 


MODIFIED  TOOL 

.tapered  shank 


CONVENTIONAL  TOOL 
STRAIGHT  SHANK 


modified 

NON  SPHERICAL 
HEAD 


CONVENTIONAL 
SPHERICAL 
CUTTING  HEAD. 
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-HEATING  CYCLE- 


_HOLD_ 

CYCLE 


.COOLING. 

CYCLE 


MOSO'F) 


RETORT  OPENED 
ARGON  INTRODUCED 


7.2-13  llu-  Heat  and  Cvi'L'i  li'liirh  Comprise  the  I'U  ffusioii  liondiin;  nroe. 

Ihe  Total  Cycle  Reijiiired  lU  tieeen  Xi'ie-  ami  Ten-Hours 


/■i\iire  7.2-14  Scheruatic  I 'ieirofthe  "Thisli"  U'hicli  icav  I'onrietl  the  Pi/fusioii 

liomlitii^  I'rocess  (l^xaiU’eratetl) 


Hi^urv  7.2-16  H/iii/c  ll'if/i  \icki-l<'ol>iilt  Pliitiii(^  I'ool  I'tillv  hi;  tidied 
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7.2-15  Coin[K\<itf  hLidc  Il'it/i  \ickcl<\d>Jt  PLitiiii<  Tool  I\irtiJly  Instidled 


THIEF  WIRE  TO  TAPER  NICKEL/COBALT 
PLATING  IN  ROOT  REGION 


BLADE  LEADING  EDGE 
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ADDITIONAL 

UNDERCUT 


DEVELOPMENT  BLADE 


ENGINE  BLADE 


Hgure  7.2-19  'Ihe  Blade  Lock  Slots  It’ere  Produced  Bv  l:lcctro-l)iscliar(’e  Machining 
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Figure  7.2-23  TFJO-P-9  Third-Stage  Fan  Disk  Adapted  for  Use  With  BORSIC®/ Aluminum 
Blades 


Figure  7.2-24 


Two  Cuts  Were  Reiptired  to  Broach  the  Blade  Slots  of  the  Third-Stage  Disk 
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8.0  NONDESTRUCTIVE  TESTING  AND  INSPECTION 

Because  of  the  nonhomogeneous,  anisotropic  nature  of  BORSIC®/ Aluminum  composites, 
the  inspection  techniques  and  procedures  existing  at  the  start  of  this  program  would  not  pro- 
vide valid,  dependable  results.  Consequently,  a comprehensive  nondestructive  inspection 
(NDl)  development  and  evaluation  effort  was  included  in  the  program  which  was  directed 
toward  establishing  reliable  quality  control  techniques  and  procedures  for  the  production  of 
advanced  composite  fan  blades.  In  addition  to  establishing  the  methods  to  detect  defects, 
the  program  included  developing  nondestructive  methods  for  determining  both  the  elastic 
properties  and  composition  of  the  materials  as  well.  The  latter  two  quaUty  control  para- 
meters Wei'S  investigated  because  nonhomogeneous  composites  are  composed  of  structural 
elements  which  can  vary  in  amount,  quality,  and  in  this  program,  in  fiber  orientation.  These 
variations  can  result  in  substantial  changes  in  the  physical  properties  of  the  composite. 

8.1  METHODOLOGY  OF  DEVELOPMENT 

The  program  as  originally  structured  consisted  of  a literature  search  and  three  independent 
development  activities; 

• Methods  to  detect  defects 

• Radiographic  methods  of  inspection 

• Methods  to  determine  elastic  properties 

Radiography  was  the  subject  of  independent  study  because  experience  indicated  that  it  re- 
presented the  greatest  potential  for  fiber  distress  detection.  As  the  program  progressed,  ac- 
coustic  emission  methods  of  detecting  defects  evolved  into  a fourth  independent  develop- 
ment activity,  whereas  it  was  originally  included  under  the  general  methods  to  detect  defects 
category. 

To  evaluate  the  methods  being  developed  to  detect  defects  and  material  elastic  properties, 
composite  test  panels  and  blades  were  used.  Those  methods  which  appeared  to  be  most  re- 
bable  were  further  evaluated  by  applying  them  to  the  engine  test  blades  produced  in  the 
program. 

8.1.1  Defect  Detection 

Advanced  methods  of  defect  detection  generated  at  other  facilities,  as  well  as  tho.se  developed 
at  Pratt  & Whitney  Aircraft,  were  evaluated  under  this  program.  To  evaluate  the  methods 
developed  outside  P&WA.  blades  with  programmed  defects  were  provided  to  the  outside  faci- 
lities. The  reports  of  findings  were  submitted  to  P&WA  and  compared  to  the  actual  defects; 
the  specific  defect  detection  system  was  also  evaluated. 
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8.1.2  Radiographic  Detection  of  Defects 

Tliis  activity  was  conducted  .similarly  to  that  described  in  paragraph  8.1.1.  However,  with  the 
radiographic  methods  the  basic  X-ray  exposure  and  film  reading  were  conducted  at  P&WA 
facilities.  Film  enhancement  and  evaluation  were  usually  conducted  at  a vendor's  site  using 
his  commercial  equipment.  Duplicate  radiographs  of  a blade  defect  were  provided  to  each 
radiographic  equipment  manufacturer  for  enhancement.  For  methods  of  radiographic  defect 
detection  which  did  not  produce  a pennanent  record.  P&W.'X  personnel  visited  the  vendor’s 
site  in  order  to  evaluate  the  methods  used.  Each  method  of  detection  was  evaluated  on  the 
reports  received. 

8.1.3  Acoustic  Emission  Detection  of  Defects 

The  acoustic  emission  development  program  included  both  smooth  and  notched  tensile  tspeci- 
mens  as  well  as  correlating  blade  emissions  with  combined  stress  fatigue.  Spectrum  response 
and  pulse  height  analysis  w'ere  evaluated.  However,  the  total  energy'  emitted  proved  to  be 
the  most  effective  parameter  and  was  the  one  used  in  these  studies. 

8.1.4  Elastic  Property  Detennination 

Tlie  aniuunt.  quality  and  fiber  orientation  of  the  components  in  a composite  material  can 
adversely  affect  its  physical  properties;  defect  detection  alone  is  not  a sufficient  criterion  tor 
determining  the  .suitability  of  a batch  of  composite  material  for  structural  purposes.  Con- 
sequently. a program  was  conducted  to  develop  the  most  reliable  method  tor  determining 
material  modulus  and  analyzing  material  composition. 

8. 1 .5  Test  Specimens 

Two  production  configuration  blades  were  produced  with  programmed  defects.  These  detects 
represented  conditions  that  might  occur  during  fabrication  and  included  varying  ilegrees  of  cut 
fibers,  unbonds,  wrinkled  plies  and  areas  cut  from  plies.  Tlie  defects  were  located  in  various 
parts  of  the  blades  to  study  the  effect  of  location  on  detectability. 

Four  4-in.  x 0-in.  panels  were  fabricated  with  defects  simulating  varying  amounts  of  porosity. 
Panels  w'ere  20  layers  thick  w ith  one-quarter  inch  and  one-half  inch  diameter  defects.  Some 
defects  were  created  by  removing  areas  of  tape,  while  others  were  created  by  removing  just 
tl\e  foil  backing  from  the  tape.  Each  panel  had  defects  witli  material  removed  from  one  ply 
and  from  two  plies.  To  ensure  porosity  would  occur,  two  panels  were  pressed  at  a reduced 
pressure  and  temperature  of  .^500  psi  and  d70°F  for  1.5  hours.  The  other  two  panels  were 
pressed  at  I050°F  and  5000  psi  for  1.5  hours  in  accordance  with  the  fabrication  specification. 

Tliirteen  4-in  x 0-in  panels  representing  various  fiber  contents,  number  of  plies  and  fiber 
orientation  schemes  were  obtained  for  elastic  property  studies.  Fiber  contents  of  .tO.  40  and 
50  percent  volume;  ply  counts  of  10.  20  and  40;  and  five  diffe-rent  plv  orientation  sclieincN 
were  included  among  the  panels. 

All  samples  fabricated  for  this  program  were  made  from  five  mil  MtiKNli  ' \b  n-  ' 
utilizing  4.2  mil  dia.  fiber. 
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8.2  DEFECT  DETECTION 
8.2.1  Ultrasonics 

The  use  of  ultrasonics  proved  to  be  the  most  effective  inspection  technique  to  detect  unbond 
or  delamination  defects.  The  characteristic  straight-line  transmission  of  energy  with  the  lack 
of  diffusion  and  the  high  impedance  represented  by  an  unbond  area  all  favor  this  method  as  an 
inspection  technique.  Because  of  the  many  reflective  surfaces  in  a composite  structure,  a 
pulse  echo  ultrasonic  method  can  be  difficult.  However,  through-transmission  methods  are 
not  hampered  by  extraneous  reflections.  Because  of  the  almost  total  inability  to  transmit 
across  an  unbond  area,  we  can  took  for  large  losses  in  the  transmitted  signal  to  indicate  de- 
fective areas.  The  effectiveness  of  this  method  was  proven  during  this  program  and  four 
separate  procedures  utilizing  ultrasonic  through-transmission  have  been  applied. 


8.2. 1 . 1 Procedure  One 

The  first  procedure  utilizes  two-wheel  search  units  slightly  spring  loaded  against  each  other. 
The  spring  load  assists  in  ultrasonic  coupling  and  maintains  the  blade  in  the  correct  orienta- 
tion for  the  ultrasonic  transmission.  Additional  coupling  is  obtained  by  wetting  the  surface 
of  the  wheels.  The  particular  system  used  in  this  program  had  a 0.75-in.  diameter  transmitter 
and  0.25-in.  diameter  receiver  operating  at  I MHz.  The  frequency  was  low  because  the  unit 
was  also  used  for  graphite/epoxy  blades  which  have  an  excessively  high  attenuation  at  higher 
frequencies.  Deiaminations  approaching  the  size  of  the  receiver  have  been  detected  with 
this  system.  Advantages  of  the  system  are  that  it  is  easy  to  set  up,  requires  only  a small  area, 
and  provides  a very  fast  inspection  method.  However,  because  of  the  size  of  the  wheels,  it  is 
not  effective  at  the  airfoil  edges  or  within  the  root  platform  radius.  Figure  8.2-1  shows  this 
method. 

8.2. 1.2  Procedure  Two 

A second  procedure  was  developed  to  inspect  the  areas  which  the  wheel  search  units  missed. 
Two  0.25-in.  diameter  transducers  fitted  with  radiused  plastic  adaptors  were  mounted  to 
allow  a contact  through-transmission  inspection  of  the  airfoil.  Although  not  as  fast,  a rapid 
inspection  of  the  area  missed  by  the  wheel  units  can  be  made  with  a greater  sensitivity  to 
smaller  defects.  Figure  8.2-2  shows  this  method. 

8.2. 1.3  Procedure  Three 

A third  procedure  was  developed  to  obtain  an  inspection  less  susceptible  to  human  error 
and  one  with  an  increased  sensitivity  to  porosity  as  well  as  delaminations  or  unbonds.  With 
a dummy  blade  and  follower  system  to  act  as  a positioning  device,  a “C”  scan  recording  is 
made  of  the  airfoil.  The  setup,  shown  in  Figure  8.2-3,  uses  a 0.50-in.  diameter  SIL  trans- 
mitter on  a 0. 1 870-in.  diameter  SIL  receiver  operating  at  2.25  MHz.  It  provides  a complete 
inspection  of  the  blade  airfoil  and  produces  a permanent  record.  The  method  has  excellent 
resolution  witli  a capability  of  varying  sensitivity  by  recording  different  levels  of  transmittal 
signal. 


PRATT*  WHITNEY  AIRCRAFT  GROUP 


8.2. 1.4  Procedure  Four 

Tire  fourth  procedure  was  applied  to  inspecting  the  root  attachment  area.  In  fabricating  the 
root,  the  two  titanium  alloy  blocks  and  the  aluminum  wedge  are  attached  to  the  composite 
structure  by  diffusion  bonding.  The  blocks  arc  later  machined  to  obtain  the  proper  blade 
root  configuration.  To  ensure  a bond  has  been  achieved,  an  ultrasonic  through-transmission 
“C”  scan  of  the  root  is  made  before  the  roots  are  machined.  Using  a 0.5-inch  diameter  SIL 
transmitter  and  a 0.62  in.  diameter  SIL  receiver  operating  at  5 MHt,  broken  fibers  at  the 
wedge  tip  as  well  as  unbond  areas  have  been  detected.  Figure  8.2-4  shows  a root  section  being 
inspected. 

8.2.2  Advanced  Ultrasonic  Methods  of  Defect  Detection 

Two  advanced  methods  of  ultrasonic  through-transmission  imaging  were  evaluated  at  ven- 
dor’s sites.  Acoustic  holography  by  Holosonics,  Inc.,  Richland,  Washington,  and  Acoustic 
Optical  by  TRW,  Redondo  Beach,  California,  were  applied  to  the  defect  samples.  Both 
methods  present  real  time  images  of  ultrasonic  signals;  however,  neither  appears  to  have  the 
resolution  of  present  scanning  methods.  They  are  much  more  complicated  and  require  a 
combination  of  optical  and  ultrasonic  systems  as  well  as  being  affected  by  blade  curvature. 
Because  of  this  it  was  decided  to  continue  with  standard  scanning  methods  rather  than  to 
pursue  either  of  the  imaging  systems. 

8.2.3  Miscellaneous  Methods  of  Defect  Detection 

Fluorescent  penetrant  and  eddy  current  methods  were  evaluated  for  crack  detection.  Both 
methods  proved  effective  but  were  not  thought  to  be  production  inspection  procedures. 

Tliey  appear  to  be  more  applicable  as  fatigue  detection  methods  during  service. 

Several  methods  were  evaluated  which  proved  ineffective  or  otherwise  unacceptable.  Ther- 
mal methods  (infrared)  were  unsuccessful  because  the  high  thermal  conductivity  of  the  blade 
diffused  the  heat  and  destroyed  resolution.  Holographic  methods  proved  excellent  for  shallow 
defects  but  were  unable  to  effectively  detect  defects  at  any  significant  depth.  This  method 
miglit  have  application  for  bonded  leading  edge  protection  schemes  or  for  thin  composites. 
Application  of  Krypton  exposure  methods  by  Industrial  Nucleonics  utili/.ing  radioactive  Kryp- 
ton 85  gas  was  unacceptable  because  the  inherent  porosity  of  the  composite  made  the  blade 
extremely  difficult  to  degas. 

8.3  RADIOGRAPHIC  INSPECTION 

Although  it  is  ineffective  in  detecting  bond  and  delamination  defects.  X-ray  radiography  is 
the  most  effective  method  of  detecting  other  composite  blade  defects.  Not  only  does  this 
method  provide  the  widest  type  of  defect  detection  range  but  it  has  also  proved  u.seful  for 
determining  ply  orientation.  Ply  orientation  is  clearly  distinguishable  with  high  quality 
radiographs. 
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As  examples  of  the  effectiveness  of  X-ray  radiography  for  defect  detection,  tlie  following  de- 
fects were  detected  using  standard  production  equipment  (Norelco  OEG-50): 

• Single  fiber  skewed  10° 

• Single  ply  of  cut  fibers  in  a ten-ply  layup 

• 0.375  in.  diameter  hole  in  one  ply  of  30  plies 

• Five  broken  plies  in  the  root  section 

These  sensitivities  were  obtained  by  using  low  KV  outputs  (20-35),  a target-to-film  distance 
of  36  inches,  and  a beryllium  window  tube  with  a small  focal  spot  size  (1.5mm  target).  With 
a 1 500  MAS  exposure  and  Eastman  Kodak  M film,  blade  radiographs  had  sufficient  resolution 
and  contrast  to  permit  inspection  with  20X  magnification. 

Further  improvements  in  the  resolution  and  sensitivity  were  achieved  by  using  a Picker  Mini- 
shot system  with  a 0.5mm  focal  spot  and  by  placing  a single  emulsion,  extra  fine  grain  film 
in  direct  contact  with  the  subject.  Eliminating  the  film  holder  allowed  the  film  to  be  placed 
closer  to  the  subject  in  areas  where  geometry  was  a problem.  The  Minishot  proved  to  be  ideal 
for  this  application  as  it  is  a self-contained  cabinet  unit  which  requires  no  special  facilities. 
With  this  unit,  adequate  contrast  and  resolution  were  obtained  on  single-ply  composites  to 
allow  identification  of  the  tungsten  filament,  the  BORSIC®  fiber,  and  the  aluminum  matrix 
at  magnifications  of  30X. 

The  most  difficult  fiber  discontinuity  to  detect  was  a small  number  of  broken  plies  in  the 
root  area.  The  thickness  of  the  root,  the  uneven  cross  section,  and  the  subject-to-film  distance 
created  resolution  problems.  However,  by  using  0.005  inch  lead  screens,  five  broken  plies  at 
the  root  wedge  tip  were  detectable.  Although  using  lead  screens  at  these  low  KV’s  («  35) 
is  unusual,  in  this  case  they  were  effective  in  reducing  scatter  and  were  needed  to  produce 
the  required  image  sharpness. 

8.3.1  Film  Enliancement 

In  an  attempt  to  improve  defect  detectability  on  radiographs,  nine  methods  of  film  enhance- 
ment were  evaluated..  None  of  the  nine  improved  defect  detectability  any  more  than  the  de- 
tectability provided  by  a 20x  magnification  of  the  original  radiograph.  However,  three  of 
the  nine  methods,  the  Philco  Ford  color  derivation,  the  Dupont  film  contrast  method,  and 
printing  on  lithographic  film  in  the  P&WA  photographic  laboratory,  made  defects  more  obvi- 
ous. These  methods  were  expensive  and  time  consuming;  therefore,  it  was  decided  to  use 
relatively  high  magnification  only  for  radiographic  image  enhancement  when  inspecting  the 
flight  evaluation  fan  blades. 
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8.4  ACOUSTIC  EMISSION  DEFECT  DETECTION 

Unlike  homogeneous  materials,  boron/aluminum  composites  generate  a large  number  of  emis- 
sions when  stressed.  Many  of  these  emissions  are  sufficiently  large  to  be  heard  without  elec- 
tronic amplification.  The  emissions  occur  at  stress  levels  well  below  the  yield  stress  and  even 
may  occur  while  the  material  is  cooling  or  aging.  An  attempt  was  made  in  this  program  to 
measure  the  emission  output  and  correlate  it  with  mechanical  test  results. 

8.4.1  Tensile  Test  Specimens 

The  initial  attempt  to  determine  the  effectiveness  of  acoustic  emissions  as  a defect  detection 
tool  was  to  monitor  the  emissions  from  both  center-notched  and  smooth  specimens  during 
tensile  test. 

The  center-notched  specimens  exhibited  a drastic  change  in  emission  rate  just  prior  to  failure. 
This  phenomenon  was  used  to  time  the  triggering  of  high-speed  cameras  in  an  attempt  to 
photograph  the  specimen  at  the  instant  of  failure.  Using  a film  speed  of  2,500  to  5000  frames 
per  second,  a maximum  of  eight  seconds  of  film  was  available  to  conduct  the  photography. 

By  monitoring  the  emission  rates,  an  accurate  warning  of  impending  failure  was  received  and 
the  camera  was  triggered  successfully.  However,  despite  the  high  frame  speed,  the  failure  was 
so  rapid  that  the  event  occurred  between  frames. 

Investigations  conducted  in  monitoring  the  acoustic  emissions  of  smooth  tensile  specimens 
showed  that  by  loading  them  to  less  than  50  percent  of  the  failure  load,  the  specimen  could 
be  used  to  predict  the  ability  of  the  specimen  to  meet  specifications.  At  a load  of  50,000 
psi  an  acceptable  specimen  had  a total  emission  energy  of  1.6,  whereas  a specimen  with  an 
unacceptable  ultimate  tensile  strength  of  less  than  140,000  psi  had  a total  emission  energy  of 
70  at  the  same  loading. 

8.4.2  Blades 

The  blades  manufactured  during  this  program  were  subjectei^  to  a 200  mil  tip  deflection  while 
acoustic  emissions  were  monitored.  Figure  8.4-1  shows  the  blade  deflection  rig  and  acoustic 
emission  monitoring  equipment  used.  A wide  range  of  emission  levels  was  noted.  Tliree  of 
these  blades  were  tested  in  combined  stress  fatigue  at  450°F.  The  blade  with  the  lowest 
amount  of  acoustic  emission  (7.4)  failed  at  54,000  cycles  with  severe  fabrication  damage 
noted.  The  blade  with  the  highest  acoustic  emission  (130)  failed  at  5,240,000  cycles  and  had 
no  apparent  fabrication  damage.  The  third  blade  had  acoustic  emission  energy  of  72  and 
failed  at  1 ,540,000  cycles  with  evidence  of  minor  fabrication  damage.  The  correlation  with 
cycle  life  and  acoustic  emission  is  the  reverse  of  what  would  be  expected  at  first  glance.  How- 
ever, these  blades  were  given  a controlled  deflection  rather  than  applying  a controlled  load, 
and  the  emission  level  may  be  a function  of  the  relative  stress  created.  A blade  with  fabrica- 
tion damage  would  deflect  more  easily,  have  less  stress  generated,  and,  consequently,  exhibit 
a smaller  emission  output. 
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8.4.3  Monitoring  Equipment  Used 

The  equipment  used  for  these  studies  was  a Nortee  Acoustic  l inission  Monitor  Nl)  1-200 
with  a Krohn-Hite  tllter  model  3202  and  a Mosely  71000  strip  chart  recorder.  I'he  pickup 
used  was  a Nortec  1.5  MHz  longitudinal  wave  0.75  in.  diameter  lithium-sulfate  transducer. 

Tire  correlations  described  above  were  made  by  measuring  total  energy  output.  Additional 
efforts  to  relate  spectrum  and  pulse  lieight  analysis  proved  unsuccessful. 

8.5  ELASTIC  PROPERTIES 

Tlie  clastic  properties  of  a component  made  of  ailvanced  composite  material  depend  largely 
on  the  procedures  used  to  fabricate  the  component.  Consequently,  quality  assurance  pri>- 
cedures  are  unique  in  that  they  must  not  only  detect  “nonnal”  defects  with  a high  degree  of 
confidence  but  afso  must  provide  infonnation  relative  to  the  adequacy  of  the  components 
physical  properties  as  well  as  the  correctness  of  the  fabrication  procedures  used.  If  adequate 
elastic  properties  can  be  confirmeii  by  measurement,  then  it  is  possible  to  ensure  that  the 
fabrication  procedures  were  correct. 

In  this  program,  two  elastic  properties.natural  frequency  and  modulus,  were  measured  as 
potential  parameters  by  which  to  characterize  the  BORSlC^AAIuminum  blades  designed  and 
fabricated  under  this  contract.  The  natural  frequency  measuiements  proved  to  be  sensitive 
only  to  gross  changes  however,  and,  as  a result,  this  characterization  technique  w;ls  not  ag- 
gressively pursued. 

8.5.1  Modulus  Determination 

Tliree  separate  methods  of  modulus  detennination  were  evaluated  on  specimens  to  establish 
correlations.  LHtrasonic  velocity  meiisurements,  elastomat  dynamic  modulus  measurements, 
and  strain  gage  data  from  tensile  specimens  were  compareil.  Specimens  with  various  ply 
orientation,  fiber  volume  percent  and  specimen  thickness  were  used  for  the  comparison. 
Results  indicated  that,  in  eveiy  ca.se,  the  experimentally  detennined  data  was  lower  Ilian  ana- 
lytically determined  values.  This  difference  inere’ased  as  the  pereent  fiber  increa.se<l.  Table 
8.5-1  lists  the  data  for  the  O'*  orientation  samples  with  various  fiber  volume  percent  A mean 
value  and  a standard  deviation  value  is  included  for  the  experimental  results.  It  is  evident 
from  this  data  that  the  experimental  methods  for  determining  modulus  give  fairly  consistent 
values. 

8.5. 1.1  Ultrasonic  Velocity  Measurements 

To  apply  ultrasonic  velocity  measurement  techniques  requires  that  the  measurement  be  made 
from  a surface  parallel  to  the  direction  of  measurement,  fhe  fixture  shown  in  Eigure  8.5-1 
was  designed  ami  fabricated  to  accomplish  this,  fhe  fixture  positions  a sending  transducer 
and  two  accurately  spaced  re’ceiving  tran.sducers  on  the  surface  of  cixnposite  panels.  By 
rotating  the  fixture,  velocity  measurements  can  be  made  in  any  direction  relative  to  the  ply 
layups.  Tlic  results  obtained  on  0"  ply  direction  panels  with  this  fixture  are  included  in  fable 
8.5-1  discussed  above  ami  were  part  of  the  good  correlation  exhibited,  fwo  additional  fix- 
tures were  made  to  fit  the  blaile  airfoil  near  the  lip  and  near  the  root.  They  wea'  ilesigned 
to  measure  velocity  in  only  one  ilirection  along  the  length  of  the  blade.  They  have  been 
successfully  used  to  measure  acoustic  vehvities  on  production  blades. 
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Hio  pun'osi'  ol"  lU'Ii'rmininj!  bLulo  moiliilus  with  ultrasonic  velocity  measurements  was  ti*  in- 
sure corivct  tllH'r  morlulus,  fiber  content  ami  cormet  ply  layups.  However,  the  moilulus  only 
varieil  from  approximately  .U)  \ 10^  psi  in  the  0"  ply  iliivction  to  approximately  't)  \ ll»*’ 
m the  ‘H)"’  ilirection.  ( onsenuently , only  large  ply  layup  iliscrepancies  are  iletectable.  I’ly 
layup  can  be  verifieil  better  on  x-ray  railiographs.  fiber  moilulus  is  spot  mspectevl  vsith  ten- 
sile tests  befoie  the  airl'oil  is  m.ute  to  ensure  labric.itit>ti  efforts  .in-  not  wasleil  fiber  con- 
tent can  be  iletermineil  within  .V’l  with  an  eihly  current  methoil  that  is  pmsented  m the  next 
section,  f or  these  reasons,  it  was  impractical  to  expect  ultrasonic  velocity  measurements  to 
proiluce  any  new  or  useful  information  aiul  the  metluul  was  iliscontinueil.  .Mthough  it  has 
little  value  for  Aluminum  composites,  it  may  have  more  use  for  other  systems 

where  substitute  inspection  melhoils  are  not  as  successtul. 

In  conjunction  with  elastic  property  measurements,  three  metluHis  for  iletennining  volume 
percent  fibeis  were  evahiateil.  I'hey  inclmleil  eilily  cunvnt  coiuluctivity  measurement,  beta 
backscatter.  ami  railiation  gaging.  Using  coiuluctivity  values  measuivil  with  a Ma.gnallux  f'M 
100  coiuluctivity  meter,  it  was  possible  to  preilict  the  percent  fiber  content  within  percent. 
Beta  backscatter  mcthotls  utilizing  promethium  ami  thallium  probes  coiiUl  not  match  the  ac- 
curacy attaineil  with  coiuluctivity  measurements.  Other  attempts  to  utilize  railiation  gaging 
were  unsuccessful.  I ven  using  measurements  nuule  w ith  three  ilifferent  energy  sources,  the 
absorption  of  aluminum  aiul  boron  coiiUl  not  be  separated.  The  tungsten  represents  too 
small  a volume  percent  to  make  accurate  measurements.  I'he  sources  used  were  americium 
J41  (Ml  kevl,  cavlmiiim  10‘)  (11.2  kev)  aiul  cobalt  57  ( 1 11  kev). 
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rurhuu’  ci\gmf  l.in  bl.uli’>  ni.i>  iiu  iir  tiou\  scvi'ial  pi'sMtMo  sv'inN.os  in  ituMi  opi’i.iliiij; 

ouMrotunont.  Hk*  kiciior.il  v,'iiti’iii>n  U>i  a m'in  laiMbU'  part  in  that  it  I'c  vapabk'  ol  (.■ontiiuu'O 
MTN'ici*  alter  siiNtainiiij;  niiiioi  Oamaito  until  it  in  leliieil  at  a sniial'le  iiiNpeetion  ttine  llic 
I'bii'i'tiNi'  ot  tltis  projiiatn  waN  to  obtain  kiu'w ei'iu'iTiiiiie  tlio  pi'tontial  si'inu eabilits 
of  lkitMeal^  lor  Ian  blaOe  inatenal  SpeeilKalh  . ibe  anunint  ol  Ntatie  aiul  liiitli  tiviineiu  N 
I'atijtue  tUn  i properlv  ileitrailalion  ivsnitini:  lioin  IvMvinn  v'bieat  Oaniaiv  tl  OPt,  eruNion, 
corrosion  aiul  Iheimal  latiiino  ilainaite  wa--  cslablisheil  in  this  cMoii  SpecnnoiiN.  lalhoi  Ilian 
actnal  components,  weiv  ntili/eil  to  I'ennit  close  conli\'l  ot  test  pai.nneieis  .nul  to  tat.ilitat(. 
a less  ambiguous  iiilerprelation  ol  test  resulls 

riie  specimen  panels  were  labric.iteil  iisiii.e  ulentic.il  iviiaincteis  tv'  ilu'se  usevl  K'l  labnc.i- 
tion  ol  the  I'l-.U!  Ian  blavies  ( 1050  tv'  lOSO'-'b  .il  500tl  psi  m a \ .iv  iiiim  ot  liv’  ton  or 
betterl  aiivl  were  20  layers  tliick  t.ippiv'\im.iiel\  IV  lOt)  inclil  l liiee  vlillcrent  pis  cv'iiligiir.i- 
tii'iis  were  usevl:  unulirectiv'iial  (tb’!.  representing  the  bLule  cv'ie,  civ'ss  pis  (i  -Is''), 
representing  llie  blavle  sliell.  aiul  .i  s.iiulwicli  v v'nt'iguialiv'ii  tv'  lei'iesent  llie  actual  bl.ivle 
cv'inpvment  aiul  tv'  reseal  aiis  cv'ie-sliell  inieraciiv'iis.  I'lic  ci'inpv'neni  cv'iitignrativ'n  svas 
20  percent  145''';  oO  percent  iinivlirectiv'iial,  aiul  2tl  pcvceni  1 45''.  .All  inaleri.il  cv'iii.imeil 
50l3  vv'lume  percent  Hv'rsic'^  liber  Si'ev  imens  ssere  electiv'vlisch.iige  m.ichinevl  .nut 
subjectevl  tv'  v'lie  v't  tlie  tour  pv'Ieiiii.il  l>  pes  I'l  vl.nn.ige  texcei't  tv'i  the  base-line  si'ecniiens) 
tollv'wevl  by  HM',  tensile,  aiul  pv'st-llM  tensile  lesinig  Hie  lii.eli  trevinencs  lali.eue  test 
prv'gram  insv'bevl  testing  specimens  tv'  s.iiu'us  liactiv'iis  v't  (lien  evpev  tvvl  lile.  .is  slu'ssn  m 
b'i.mire  'J.1-1.  I'l'v'ii  cv'inpletu'ii  v't  the  high-tivv)uenes  t.itigue  tests,  iniciv'structiiivs  weiv 
examinevi  U'r  v'siviencv*  v't  lati.itiu'  .nul  the  eltect  v't  the  ev'iitu'llevl  vl.nn.ige  v'li  the  niuiw 
structure  lensile  ''rv'perlies  v't  HI  1 -testevl  s.nnples  sseie  ilelei ininevl  tv'  vleline  the  etiect  v't 
the  cv'inbinativ'ii  v't  latigne  .iiul  cv'nliv'llevl  vi.nn.ige  v'li  tensile  strength. 
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The  high-rre(|ucncy  fiitigiie  failure  criterion  was  either  visible  (ielamination  or  a ten  percent 
drop  in  first-bending  natural  freciuency.  Since  no  significant  treciuency  drop  occurred 
during  tests  of  the  unidirectional  configuration,  the  condition  of  this  material  was  estimated 
by  observation  of  visible  delamination.  Cross  ply  HFF  life  was  determined  by  a ten-percent 
drop  in  natural  freciuency  with  no  evidence  of  delamination.  Specimens  of  the  component 
configuration  exhibited  frequency  drops  within  5x10^  cycles;  however,  visible  delamina- 
tion did  occur  later  in  the  test  and  was  used  as  the  criterion  for  failure. 


9.2  SPECIMEN  DAMAGE  PROCEDURES 


Test  specimens  used  to  evaluate  the  various  potential  types  of  damage  were  straight-sided 
0.8  X 5.0'inch  sections  taken  from  20-layer  composite  panels.  When  local  damage  was 
infiicted  (such  as  erosion  or  ballistic  impact),  the  damaged  area  was  located  2.0  inches 
from  the  specimen  end.  This  location  corresponds  to  the  region  adjacent  to  the  grip  edge 
during  HFF  testing  (approximate  point  of  maximum  stress).  Figure  9.2-1  depicts  the  speci- 
men described,  as  well  as  the  tensile  specimen  which  was  subsequently  machined  from  the 
damaged  sample.  As  illustrated,  the  most  severely  damaged  area  of  each  test  specimen  was 
located  within  the  tensile  specimen  gage  length. 


IMPACT  AND  EROSION 
DAMAGE 


Figure  9.2-1 


Composite  Specimen  Configuration  Showing  Location  of  Erosion  and  Ballistic 
Impact  Damage 


The  erosion  of  test  samples  was  accomplished  using  an  SS  White  Airbrasive  Unit  set  at  an 
abrasive  flow  rate  of  0.14  gm/sec  for  a sufficient  time  to  expose  two  layers  of  fiber  in 
unidirectional  material.  The  abrasive  consisted  of  27  micron  alumina  impinging  the  sample 
surface  at  an  angle  of  20  degrees.  Typical  eroded  samples  are  shown  in  Figure  9.2-2. 


I 


Ballistic  impact  damage  was  achieved  with  a 0.67  gm  pellet  fired  from  an  air  pistol  at  a 
velocity  of  500  ft/sec.  Tlie  resulting  damage  is  shown  in  Figures  9.2-3  and  9.2-4.  To  assess 
the  extent  of  damage  produced  by  impacting,  ultrasonic  C-scan  inspection  was  performed, 
as  illustrated  by  Figure  9.2-5. 

Thermal  fatigue  exposure  consisted  of  cycling  Borsical  specimens  for  2000  to  3000 
cycles  in  fiuidized  sand  beds.  Each  cycle  consisted  of  one  minute  at  S00°F  followed  by 
one  minute  at  -65"F. 

One  hundred  hours  of  exposure  to  a humid  salt  spray  at  90®F  was  performed  on  Borsical® 
samples  subjected  to  1880p  in. /in.  surface  strain  through  the  use  of  bend  fixtures  as  shown 
in  Figure  9.2-6.  Typical  exposed  specimens  are  shown  in  Figure  9.2-7. 
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'iJ  Tl-STPRCX'HDURtS 

rwi'nly-layoi  ti'iisilo  spi\in\i'ns  with  a 0.4-in(.h  ss  ulf  gagi-  wi'iv  li'sUul  will)  oitluT 

Hii  kol-platcil  or  opo\y-tH>i\ilt'il  ahmtiiuiiii  ilouhlors  at  tiu'  grip  cmis,  ilopi-inling  on  llic 
i‘\p(.\  toil  lailiiri'  loail  I hi'st'  4 l)-iiuli  long  spi\'in\ons  woro  inounti'il  in  clamp-typo  grips 
nsmg  a imcromctcr  alignment  t'istnrc.  riic  grips  hail  scrratcil  laces  to  proviilc  ailcunatc 
gripping  with  mimnnim  clamping  lorcc  (30  in.-lhl.  I'hc  specimen-grip  assembh  was  then 
mslalleil  in  an  Instron  tensile  machine  using  pin  connections.  Single-ball-pivot  universal 
loints  were  locateil  at  both  npi'er  aiul  lower  grit's  to  ensure  minimum  loail-train  iiuluceil 
beiuling  The  loail  was  ai'plieil  to  lailure  at  l).l)5()  in. /min  cross-heail  speed.  A plot  of  load 
versus  erv'ss-head  dist'lacement  was  obtained  on  the  tensile  macliine  r'■corder  chart  for  a 
modulus  determination  of  selected  si'ecimens.  Also,  back-to-back  strain  gages  were  used  to 
detect  an\  st'ccimen  beiuling  iluring  the  tensile  test. 

High  freiiuency  fatigue  testing  vv.is  conducted  in  modified  Rrouse  rigs,  sliowii  in  l igiire  .f-1 
at  <>()  cycles  |h'i  second.  1 levated  temperatures  were  obtained  by  placing  a ivsistance-wouiul 
furnace  around  the  specimens,  as  shown  in  I'igiire  ‘>..^-2.  I'hermoeonples  wen'  located  on  the 
s|vcimen  surface  ne.n  the  masimum  strain  loc.ition.  In  general,  diiplic.iie  specimens  were 
rill)  siiniill.ineoiislv  with  mdividu.il  surface  str.iins  measured  by  strain  gages  located  near  the 
grip  edge  w hich  is  the  m.ivimum  strain  location.  Periodic  specimen  inst'eclions  were  con- 
ducted during  fatigue  testing  to  determine  ain  n.itur.il  frei|uencv  ch.mge  and  to  observe  any 
visible  material  degradation  such  as  delamination.  I'hese  inspections  were  accomplished 
wilhoni  removing  the  specimens  from  the  test  rig. 
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9.4  UNDAMAGED  SPEC  IMENS  ( Base-line ) 

Tl\e  following  conclusions  were  drawn  from  Ilic  results  of  the  testing  of  undamaged  speci- 
mens: 

• I IFF  exposure  at  4.S0°F  liad  no  significant  effect  on  the  7(ri'  tensile  strength  ot 
cros.s-ply  or  component  laminates.  Unidirectional  laminates  retained  their  strength 
after  70°F  HFF  exposure  but  appeared  to  lose  about  25  peramt  of  their  strength 
after  450'^F  MFE'  exposure. 

• Maximum  strain  HFF  run-out  ( 10^  cycles)  levels  were  2S00  /ain./in.  at  70'^F  lor 
unidirectional  material  and  2100,  1500  and  700/ain./in.  for  unidirectional,  com- 
ponent, and  cross-ply  material,  res|H‘ctively,  at  450“F. 

• The  mode  of  MF'F  damage  for  unidirectional  specimens  consisted  of  the  formation 
of  matrix  cracks  with  delamination  and  fiber  damage  ob.serveil  alter  exposure  to 
high  strains.  Fiber  splitting  was  c>bserved  in  cross-ply  material.  1 he  splitting  orien- 
tation was  parallel  to  the  specinren  surtaa-  for  annponeni  laminates  and  normal 
to  the  surface  for  all  cross-ply  material. 

9.4.1  Teiwile 

Base-line  tensile  properties  were  determined  for  undamaged  50-percent  Horsie.il  specimens 
with  and  withi>ut  HFF  exi'osure.  Results  shown  in  Fable  9.4-1  and  Figure  ‘F4-1  revealed  no 
effect  of  "^O^’F  HFF  exposure  on  unidirectional  material,  or  oi  450'^F'  HF'I-  exposure  on  ±45° 
material.  HFF'  exposure  at  450°F'  lowered  the  strength  of  component  material  slightly,  and 
umdirectioiwl  material  about  25  peramt.  Neither  the  HFF  strain  range  nor  the  number  of 
cycles  over  the  range  testeil  appeareil  to  influence  tensile  strength  except  tor  component 
nuiterial  where  a trend  of  higher  strength  with  lower  strain  range  was  observed  (see  Table 
9 4-D 
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Rrioi  IH'I'  I xposuro 


Nnmln'r 

IMy 

('onrij; 

romp. 

("I-) 

Stniiii 

Ijuin./in.) 

Cyolos  to 
I'ailnio 

Total  DTS 

('yolos  (10-^  psi) 

MoOnlns 
dO"  psi) 

I5B  11  r: 

0^' 

Ni>no 

Inn. 5 

45.5 

isu/u-r3 

0‘' 

None 

140,0 

42.S 

I5B  11-14 

0^' 

Nono 

154.0 

40.7 

15B  u-r5 

0^' 

Nimo 

127.5 

41.S 

151  u-n 

0‘' 

Ndiio 

155.4 

44.0 

151  n-r: 

0'' 

Nono 

155.1 

44.S 

U’  u-115 

0" 

70 

4 4 SO 

4x1 0<’ 

10^ 

140.7 

!('  li-lll 

0^' 

70 

4215 

5x1 0<’ 

lo”^ 

154.0 

:i>  ii-ii: 

ir 

70 

2^)25 

DNl'* 

lO" 

157.1 

:i'Ai-ii5 

0" 

70 

2‘)00 

DNr 

lo" 

157.5 

lA  u-lll 

0^’ 

70 

2S40 

DNl- 

lo”^ 

ino.i 

II  11  ii: 

0^’ 

70 

2000 

DNl' 

lo"^ 

140.5 

oi  u-ii: 

0" 

450 

2440 

2x10" 

4xl0" 

104.5 

51Vii  114 

0'' 

450 

2200 

5x10" 

5x10" 

14S.0 

(4  11-114 

0" 

450 

2170 

4x10" 

4xI0" 

02.7 

4n  u-114 

()*’ 

450 

2040 

DNl- 

5x10" 

04.5 

:i  11  1 11 

0‘’ 

450 

1 500 

DNl- 

lo"^ 

I4S.0 

41  B n 

445‘\0'M45‘’ 

Nono 

127.2 

41  B r: 

i45‘\0".  i 45^' 

Nono 

125.0 

2S.0 

41  B 14 

.M5".0".i45" 

Nono 

ns.o 

2n.S 

41  B 14 

i45‘’.0‘’.i45‘' 

Nono 

lOl.O 

2n.S 

SI  B 114 

i45‘\0‘'.i45'' 

450 

1 700 

4x10" 

4xl0" 

o.Vn 

SI  B 111 

i45'’.0‘’.t45‘' 

450 

ino.s 

2x10" 

2x10" 

00. 1 

SI  B 114 

i45‘',0‘\i45‘’ 

450 

1(>40 
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5x10" 

1 1 1.5 

SI)  B 114 

i45‘\0‘\t45" 
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DNl 

4x10" 

1 10.0 
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450 

1 540 

DNl- 
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)45‘' 

Nono 
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in.O 
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2 IS 

I2.n 
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Nono 

22.4 

14.0 

5I7C-I14 

+45'’ 
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')75 

DNl- 
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22.n 

51>A-I1I 

+45" 

450 

')I0 

DNl- 
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21.0 
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UNIDIRECTIONAL  COMPONENT  CROSS-PLY 


Figure  9.4-1  l[ffect  of  High  I'reiiuciny  I'utigiie  l-xftosurc  on  the  ?(/'/■'  Tensile  Stren\;th  of 
( mftiinageif  !>  0 I oltone  Percent  JO-l.n\'er  lior.sieiif^  Speeitneii.'! 


9.4.2  High  Frequency  Fatigue 

High  friiiuency  fatigue  testing  of  damaged  specimens  was  performed  to  establish  base  line 
levels  for  assessing  the  effects  of  damage  on  fatigue  strength,  t able  9.4-11  contains  the  HFF 
data  for  unidirectional  specimens  at  room  tempcratua'  and  for  all  three  ply  configurations 
at  450‘’F.  Tlie  strain  versus  cycles-to-failure  curves  plotted  in  Figure  9.4-2  were  determined 
using  a least -squares  analysis  of  the  data  in  Table  9,4-11.  The  results  indicate  a 10^  run-out 
strain  of  2800  /ain./in.  for  the  unidirectional  material  or  approximately  81 .000  psi  based  on 
interpolation  from  tensile  stress-strain  curves.  Similarly,  the  run-out  strain  levels  for  the  uni- 
directional and  the  ±45°  material  at  450°F  are  2100  pin./in.  (,b8,500  psO  and  7(X)  juin./in. 
(6500  psi),  respectively.  The  component  material  run-tnit  strain  of  1 500  pin. /in.  corresponds 
to  a shell  surface  stress  of  8700  psi  and  a maximum  stress  of  .500  psi  which  occurs  in  the 
core  at  the  core-shell  interface.  This  latter  stress  level  was  determined  by  estimating  the 
strain  at  the  core-shell  interface,  kvated  appioximately  0..^  inch  from  the  neutral  axis,  and 
using  tensile  sta'ss-strain  curses  to  estimate  the  stress. 
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mc;il  1 RJ  Qllj  N(  V I A IK'.IU  Tl  SI  Kl  SUl  IS  FOR  UNDAM  Uil  I) 
:0-l  AVI  R 50  I'l  RCI  NI  - VOl  UMI  BORSIC  AL®  SI’F(  IMHNS 


Specinu-n 

Ply 

Temp. 

Strain 

Cyeles  to 

Total 

Failure 

Number 

Conrii;. 

CM) 

t^m.  in.) 

Failure* 

Cveles 

Mode 

ii:  u-u: 

0^’ 

70 

:ooo 

DNF** 

10^ 

u;  u-iii 

0‘’ 

70 

2320 

DNF 

lo"' 

KVii-n: 

0^' 

70 

2450 

DNF 

lo"^ 

1 A u-m 

0^’ 

70 

2S30 

DNF 

10^ 

:du-h3 

0^' 

70 

2^)00 

DNF 

lO'’ 

lA  ii-u: 

0‘’ 

70 

2‘>20 

lo"^ 

lo"^ 

IX'lammation 

:i)  ii-n: 

0^’ 

70 

2^)25 

DNF 

10'’ 

1 A U-M4 

0^’ 

70 

3000 

bvlO*’ 

bxio'’ 

Delamination 

ii>  II-H3 

0^’ 

70 

3000 

5x1 0<’ 

lo'^ 

Delamination 

2\  u-h: 

0^' 

70 

3100 

DNF' 

2x1  o'’ 

:f'ii-h3 

0^’ 

70 

3100 

DNF 

2x10'’ 

ID  u-Hl 

0^' 

70 

3100 

3xl0<' 

3x1  o'’ 

Delaminatnm 

ID  II-U4 

0^’ 

70 

3100 

3x10^’ 

3x1  o'’ 

Delamination 

11  U-H3 

0^' 

70 

3100 

5x10^’ 

5x1  o'’ 

Delamination 

IF  ti-M4 

0"' 

70 

3 1 00 

4x1 0<’ 

5x1  o'’ 

Delamination 

IC'u-ni 

0^' 

70 

3215 

5x10'’ 

lo' 

Delaminatnm 

1C  11-113 

0^' 

70 

3 3 SO 

3x1  o'’ 

lO'^ 

Delamination 

lB,u-Hl 

0^' 

450 

1400 

DNF 

10^ 

0^' 

450 

1500 

DNF 

lO’’ 

3D  U-H4 

0^’ 

450 

2030 

DNF 

5x1  o'’ 

iB'ii-n: 

450 

2100 

DNF' 

lO"^ 

3 F,  u-u  I 

0‘’ 

450 

2105 

4x10'’ 

5x1  o'’ 

Delamination 

3D  U-H3 

0‘’ 

450 

2105 

DNF 

5x1  o'’ 

3F/U-II4 

450 

2 1 30 

5x1  o'’ 

5x1  o'’ 

Delamination 

nFVi-M4 

0^' 

450 

2150 

10'’ 

lO'’ 

Delaminatiim 

bF  U-H3 

0^^ 

450 

2 no 

3x10'’ 

4x10'’ 

Delamination 

llF'u-Ml 

0*' 

450 

2 1 SO 

10'’ 

lO'’ 

Delamination 

:D/u-II4 

0^’ 

450 

2200 

5x10'’ 

5x10'’ 

Delamination 

bF  U-u: 

450 

2200 

2x10'’ 

4x1  o'’ 

Delamination 

1 IF/u-Ml 

qO 

450 

2220 

5x10*^ 

2x1  o'’ 

Delamination 

nF'u-n3 

0^’ 

450 

2220 

5x10*' 

2x1  o'’ 

Delamination 

bF'u-m 

0^' 

450 

2 2 SO 

2x1  o'’ 

3x10'’ 

Delamination 

bF'u-n: 

450 

2330 

2x1  o'’ 

3x11)'’ 

IX'lammation 
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Spoiiiuoti 

Number 

Pl> 

Config. 

TABLF  d.4-ll  (C'ontM) 

Temp.  Strain  Cycles  to 

('’F)  (^iin.'in.)  Failure* 

Total 

Cycles 

Failure 

Mode 

T 

' < 

1 

71  /B-Hl 

+45‘’.0^M45‘’  450 

1300 

10^ 

10^ 

Pelamination 

8(./B-H3 

+45^\0^’i45‘’  450 

1540 

PNF 

5x10*’ 

T 

7H/B-H: 

+45^'.0^\t45''  450 

loOO 

4x1 0<’ 

4x10*’ 

Pelamination 

A 

4C;B-H4 

+45".0^'.t45^'  450 

IbOO 

10^’ 

10^ 

Pelaminatioir 

8H/B-H3 

+45‘’.0^\i45^’  450 

IblO 

5x10*’ 

5x10*’ 

Pelamination 

- 

8P'B-H1 

+45'\0'’.+45''  450 

1615 

PNF 

4x10*’ 

8I)'B-U4 

+45‘’,0‘\t45‘'  450 

1620 

PNF 

4x10*’ 

8C;B-H: 

+45‘’,0‘M45‘'  450 

1630 

PNF 

5x10*’ 

8b  B-n4 

+45"\0‘\t45‘’  450 

1630 

5x10*’ 

5x10*’ 

Pelamination 

8F'B-in 

+45'\0^’,i45‘’  450 

16‘)5 

2x10*’ 

2x10*’ 

Pelamination 

81'  B-H3 

+45^\0'\+45''  450 

1 700 

3x10*’ 

3x10*’ 

Pelamination 

8F'B-n: 

±45‘\0'\+45^’  450 

1725 

10*’ 

3x10*’ 

Pelamination 

4('  B-H3 

+45‘\0'\+45^^  450 

1750 

3x1 0<’ 

6x10*’ 

Pelamination 

* 

7F/B-II4 

±45^\0^\±45^'  450 

1755 

2xUy’ 

2x10*' 

Pelamination 

4r/B-n: 

+45^\0^\+45''  450 

l‘)50 

5xl0'' 

10^ 

Pelamination 

i i - 

41)  B-ni 

+45^\0^\+45''  450 

3560 

Failed 

1 . 

on 

1 oadmg 

f * 

5B/C'-114 

+45‘’ 

450 

730 

8x10*’ 

4x10*’ 

lO*  ; fp  Prop 

1 

5('/C'-n4 

+45^’ 

450 

740 

11x10*’ 

5x10*’ 

1 0'  (•  fp  Prop 

B ^ 

5B/C'-H3 

+45‘’ 

450 

760 

8x10*’ 

4x10*’ 

lO'r  I'n  Prop 

« ■ 

5C7C-113 

+45^’ 

450 

770 

11x10*' 

5x10*’ 

1 0'  r f „ Prop 

5I)/('-H3 

+45^' 

450 

870 

6x  1 0*’ 

5x10*’ 

lO'  r f,^  Prop 

5I)/C-H4 

+45'’ 

450 

870 

6x10*’ 

5x10*’ 

lOT  f„  Prop 

* 

yp/r-n: 

+45'’ 

450 

‘)00 

4x10*’ 

10*’ 

10‘  < fp  Prop 

5P  C'-Hl 

+45'’ 

450 

‘)10 

4x10*’ 

10*’ 

1 0''f  fp  Prop 

• 

5P  c’-m: 

+45'’ 

450 

‘>35 

3x10*’ 

5x10*’ 

10*  ; fp  Prop 

« . 

‘)P  C'-H4 

+ 45'’ 

450 

660 

5x10*’ 

3x10*’ 

lO*'.'  fp  Prop 

5F'('-H4 

+45'’ 

450 

675 

5x10*’ 

3x10*’ 

10'(’  fp  Prop 

- 

12C/C'-M3 

+45'’ 

450 

1000 

4x10*’ 

lo”^ 

1 0'c  fp  Prop 

. 

i:p/c-m4 

+45'’ 

450 

1 265 

2x10*’ 

10^ 

1 0‘ ;■  Ip  Prop 

i:p  r-n: 

+45'’ 

450 

1280 

3x10*’ 

8x10*’ 

10*';'  fp  Prop 

t 

i:F/r-iii 

+45'’ 

450 

1325 

2x10*’ 

lO"^ 

1 0''(  fp  Prop 

4 

i:p/c'-H3 

+45'’ 

450 

1 505 

2x10*’ 

2x10*’ 

10''('  fp  Prop 

• 

* Number  of  eyeles  to  failure  for  145‘’  specimens  vletermined  from  a 

plot  of  natural 

• 

fretiueney  drop  versus  eyeles  and,  in  some  eases,  extrapolated  to  tlii 

' ten  percent 

freiiueney  drop. 

? - 

* • 

•*  PNF  = 

Did  not  fail. 

j: 

k: 
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CYCLES  TO  FAILURE 


Figure  9.4-2  High  l-rcijitencv  Fatigue  Test  Results  for  I'lulaiiuiged  5 0 ] oluine-Perceiit  20- 
Layer  Borsica^  Specimens 


9.4.3  Metallography 

Room  temperature  HFF  tests  of  unidirectional  specimens  resulted  in  microstructures  of 
several  distinct  types.  When  run  at  low  strain  levels  (<  2400  juin./in.).  no  fatigue  cracks  or 
delaminations  were  observed.  Between  2400  and  approximately  3000  pin. /in.  strain,  the 
unidirectional  specimens  that  were  tested  to  10^  cycles  developed  internal  fatigue  cracks 
of  the  type  shown  in  Figure  9.4-3  with  no  visible  specimen  delamination  or  appreciable 
frequency  drop.  Note  that  the  cracks  are  not  associated  with  the  fiber-matrix  and  the  ply- 
to-ply  interfaces,  indicating  good  bonding  during  panel  fabrication.  Specimens  cycled  at 
approximately  3100  pin. /in.  and  higher  for  up  to  5 x 10^’  cycles  revealed  that  surface 
delaminatkrn  occurred  at  about  3 x 10^  cycles  with  severe  matrix  and  fiber  damage  near 
the  specimen  surface,  as  shown  in  Figure  9.4-4.  Deiamination  with  very  few  fatigue  cracks 
and  no  significant  natural  frequency  drop  was  detected  in  specimens  tested  at  high  strains 
(greater  than  3400  pin. /in.)  for  short  times.  An  additional  type  of  deterioration  observed 
after  testing  at  3100  pin. /in.  consisted  of  internal  delamination  between  the  ninth  and 
tenth  layers  of  the  20-layer  composite,  as  shown  in  Figure  9.4-5.  No  fiber  splitting  was 
observed  in  any  unidirectional  specimens  examined  after  room  temperature  HFF  tests. 
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2900  U in.  in.  for  10^  cycles  '2D  u-H3  at  Right, 


l att^ue  Tested  at  70' T and  3100  ^ in.  in  for  5 x 10^  Cycles 
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At  450^'!'  the  lll'l'  lailurcs  of  unidirectional  specimens  did  not  dilier  nieatly  Irom  those 
tested  at  room  temperature.  At  this  higher  test  temperature,  lower  straii\  levels  were  used, 
but  tlie  basic  failure  modes  were  unchanged.  I'ailures  emrsisted  iiiostly  i>f  surface  delamina- 
tion (Figure  ‘>.4-0)  with  some  internal  delamination  between  middle  layers,  and  a few  cracks 
(Figure  d,4-7).  Oifferences  between  microstructures  for  the  various  IIF'F'  life  fractions  were 
not  foumi,  and  all  uniilirectional  specimens  had  similar  internal  defects  regardless  of  test 
temperature  or  percent  of  life  exhausted. 

The  undamaged  component  configuration  specimens  which  were  lll’F  tested  at  45()‘’F' 
exhibited  a very  distinctive  failure  mode  in  addition  to  surface  delamination.  Splitting  of 
cross-ply  fibers  parallel  to  the  plane  of  the  specimen  was  delected  m every  component 
specimen  tested  (see  Figure  4.4-8).  Fatigue  cracks  and  ilelaminations  were  noted  in  .some 
but  not  all  samples.  The  splitting  is  believed  to  contribute  to  the  immediate  natural 
frequency  drop  delected  for  all  component  specimens  tested  at  approximately  IbOO  pin  in 
strain  or  greater.  None  of  the  unidireelional  fibers  in  the  core  were  split  and  no  matrix 
deterioration  was  observeil  around  the  core  fibers.  As  in  the  unidirectional  material,  no 
real  microstructure  differences  were  noted  between  specimens  lesteil  to  20  I'crcent  veiMis 
100  percent  of  their  expecteil  IIF'F  life 

('ross-ply  samples  that  were  HFF  tested  at  4.‘i0'’F'  contained  numert>u.s  fatigue  cracks  which 
appeared  to  originate  at  split  fibers  (see  Figure  4.4-4).  I'he  orientation  of  the  splitting  which 
occura'd  m the  fibers  of  the  cross-ply  laminate  was  normal  to  the  plane  ol  the  specimens 
rather  than  I'arallel  as  found  in  the  component  specimens.  Stress  analysis  of  cross-ply 
sa.nples  during  IIF'F'  testing  indicated  that  (lie  tensile  stresses  in  the  plane  of  the  samples 
could  result  in  fiber  splitting  due  to  the  low  transverse  strength  v>f  Horsic®*  filament.  During 
fatigue  testing,  a ten  percent  drop  m natural  freipiency  oeciirred  prior  ti'  delaniination,  and 
apparently  the  fiber  splitting,  as  well  as  the  growth  of  fatigue  cracks  in  the  matrix,  pnv 
diiced  that  frequency  drop.  I'he  orienlalion  of  fiber  splitting  direcleil  the  fatigue  cracks  into 
the  specimen,  (Heventing  visual  delamination 
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that  were  High  Frequency  Fatigue  Tested  at  450°  F and  2180  It  in. I in.  for  1 O' 
Cycles  fllFlu-Hl) 
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9.5  EROSION  DAMAGE 

T«»ts  conducted  on  erosion  damaged  specimens  lead  to  the  following  conclusions: 

• In  order  to  reduce  the  4.50°F  HFF  capability  of  unidirectional  or  cross-ply  laminates, 
erosion  damage  must  be  severe  enough  to  break  the  fibers. 

• Erosion  damage  to  break  as  many  as  four  layers  of  cross-ply  fibers  does  not  reduce 
the  70° F tensile  strength  or  450° F HFF  life  of  component  material. 

• Erosion  damaged  specimens  subjected  to  HFF  testing  suffer  a strength  reduction 
equivalent  to  that  for  base-line  undamaged  specimens. 

9.5.1  Tensile 

Room  temperature  tensile  properties  of  all  three  of  the  ply  configurations  were  not  significantly 
influenced  by  erosion  exposure  as  illustrated  in  Figure  9.5-1  and  Table  9.5-1.  Eroded  speci- 
mens which  were  HFF  tested  had  tensile  strengths  comparable  to  undamaged  HFF-tested 
samples. 

9.5.2  High  Frequency  Fatigue 

Erosion  damage  did  not  significantly  reduce  the  HFF  capability  ot  any  ot  the  three  ply  con- 
figurations (Table  9.5-H).  However,  when  severe  erosion  damage  was  inflicted  to  the  extent 
of  breaking  fibers,  both  the  unidirectional  and  the  cross-ply  configurations  suffered  reductions 
in  HFF  life  similar  to  those  of  ballistically  impacted  .samples  (described  below).  On  the  other 
hand,  the  HFF  life  of  the  component  configuration  material  was  not  reduced  by  severe  erosion 
(again  similar  to  the  behavior  of  impacted  samples).  It  is  apparent  that  erosion  of  component 
material  would  have  to  damage  the  unidirectional  fiber  portion  of  the  material  to  influence  the 
HFF  life. 


lifject  oj  Ilrosiofi  DatUii\;c  on  tlw  70°l'  I'fn.dlc  Stn  uf^th  of  SO  I oluiuv 
l\'rcvtit  20-Loyi'r  /ti)r.<icu/®  Spcciiui’iis 


Fij^tre  9.5-1 
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TABLE  9.5-1 

70^' 1 TENSILE  TEST  RESULTS  FOR  EROSION  DAMAC'.ED 
:0-LAYFR  50  PERCENT  - VOLUME  BORSICAL®  SPECIMENS 


Specimen 

Number 

Type  of 
Ply  Prior 

Config.  lirosion* 

Prior  HFF  Exposure 

UTS 

(10-'  psi) 

Temp. 

('’F) 

Strain 
(pin. /in.) 

Cycles  to 
Failure 

Total 

Cycles 

:a'u-H3 

1 

None 

123.4 

:A;'u-H4 

(P' 

1 

None 

148.2 

:ati-ui 

0^' 

1 

None 

127.0 

:c/u-iii 

0^’ 

1 

70 

3400 

10^’ 

4xl0" 

129.2 

:c/u-U2 

0‘’ 

1 

70 

3400 

2x10^’ 

4xl0" 

14b.2 

:a/u-h: 

o'’ 

1 

70 

3350 

3x10^ 

lo”^ 

151.4 

:b'u  HI 

0" 

1 

70 

3345 

3\10<’ 

lo"^ 

131.5 

:C,u-H3 

0" 

I 

450 

2295 

2x10^’ 

5xl0" 

12b.O 

3E'u-H4 

0'' 

1 

450 

2175 

4x10^ 

5xl0" 

100.5 

3F'u-H3 

0" 

II 

450 

2100 

10<’ 

5xl0" 

89,2 

7A;B-H4 

+45'\0'\+45" 

1 

None 

101.2 

7C/B-H: 

+45'\0'M45'’ 

1 

None 

125.2 

4B'b-ii: 

+45'\0'M45'’ 

1 

450 

1550 

5x10^ 

5xl0" 

100.5 

7A,/B-H1 

+45‘\0‘\±45'’ 

1 

450 

1 530 

DNF** 

5xl0" 

87.4 

4D/B-H4 

±45‘\0'’.t45'’ 

II 

450 

1710 

5x10" 

5xl0" 

113.7 

9(7C-H2 

±45'’ 

1 

None 

20.9 

9B/C-H4 

±45'’ 

1 

None 

25.0 

9A/C-H2 

±45'’ 

1 

450 

970 

5xl0" 

5xl0" 

23.8 

5E/C-H2 

±45" 

1 

450 

875 

5xl0" 

5xl0" 

22.8 

9F/C-H3 

±45" 

1 

450 

8b0 

DNF 

4xl0" 

22.9 

5E/C-m 

±45" 

11 

450 

980 

2x10^ 

5x10*’ 

22.4 

♦ Type  LsutTicient  erosion  to  expose  two  layers  of  fibers  witlio\it  fiber  breakage 
Type  11;  sufficient  erosion  to  break  fibers. 

•*  DNF  = Did  not  fail. 


Modulus 
(10<’  psi) 
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TABLE  9.5-il 

HIGH  FREQUENCY  FATIGUE  TEST  RESULTS  FOR  EROSION 
DAMAGED  :0-LAYER  50  PERCENT  - VOLUME  BORSICAL®  SPECIMENS 


Specimen 

Type  of 

Ply  Temp. 

Strain 

Cycles  to 

Total 

Failure 

Number 

Erosion* 

Config.  ( 

”F) 

(pin. /in.) 

Failure 

C'ycles 

Mode 

:b/u-hi 

1 

0« 

70 

3345 

3x10^’ 

10'^ 

Delamination 

:a/u-h: 

1 

QO 

70 

3350 

3x10^ 

lO”^ 

Delamination 

2C/U-H 1 

1 

0« 

70 

3400 

10^ 

4x10^ 

Delamination 

2C7u-H: 

1 

70 

3400 

2x10^ 

4x10^’ 

Delamination 

2B/U-H4 

1 

0“ 

70 

3450 

5x10^ 

8x10^ 

Delamination 

2C/U-H4 

1 

0^' 

450 

2160 

4x10^ 

5x10^ 

Delamination 

3E/U-H4 

1 

0° 

450 

2175 

4xI0<’ 

5x10^ 

Delamination 

2C/U-H3 

1 

0*^ 

450 

2295 

2x10^’ 

5x10^ 

Delamination 

3F/U-H3 

II 

0® 

450 

2100 

10^’ 

5x10^’ 

Delamination 

7A/B-HI 

1 

±45‘V\+450 

450 

1530 

DNF** 

5x10^ 

_ 

4B/B-H2 

1 

±45“.0‘^.'t45" 

450 

1550 

5x10^ 

5x10^ 

Delamination 

7A/B-H2 

1 

+45‘^,0‘M45‘^ 

450 

1575 

5x10^ 

5x10^’ 

Delamination 

7B'B-H2 

1 

+45°,0°.+45° 

450 

1580 

DNF 

4x10^ 

- 

7A/B-H3 

1 

+45".0‘\±45" 

450 

1600 

DNF 

4x10^ 

4D/B-H4 

II 

i45”.0°.±45° 

450 

1710 

5x10^ 

5x10^ 

Delamination 

9F7C-H3 

1 

±450 

450 

860 

5x10^^'^ 

4x10^ 

1 0%  fp  drop 

5F/C-H2 

1 

±45” 

450 

875 

5x10^’ 

5x10^ 

10%  fp  drop 

9F7C-H1 

1 

±45” 

450 

920 

5x1  O^"*" 

4x10^’ 

1 0%  fp  drop 

9B/C-H1 

1 

±45” 

450 

950 

5x10^ 

5x10^’ 

10%  fp  drop 

9A/C-H2 

1 

±45” 

450 

970 

5x10^’ 

5x10^’ 

\(y/r  fp  drop 

SF/C-Hl 

II 

±45” 

450 

980 

2x1  O^’"^ 

5x10^’ 

1 0%  fp  drop 

• Type  I;  sufficient  erosion  to  expose  two  layers  of  fibers  witliout  fiber  breakage. 

Type  II.  sufficient  erosion  to  break  fibers. 

•*  DNF  = Dill  not  fail. 

+ Estimated  failure. 
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9.S.3  Metallography 

The  microstructure  of  eroded  (exposed  fibers)  70°F  HFF-tested  unidirectional  specimens  was 
similar  to  that  for  undamaged  specimens.  As  shown  in  Figure  9.5-2,  failure  takes  place  by 
surface  delamination  with  no  internal  fatigue  cracks.  Eroded  unidirectional  specimens  HFF- 
tested  at  450°F  also  looked  identical  to  the  undamaged  specimens.  The  delamination  did  not 
occur  preferentially  at  the  eroded  region  even  when  cycled  to  100  percent  of  life  expectancy 
at  either  room  temperature  or  450°F.  A deeply  eroded  sample  with  broken  fibers  was  HFF 
tested  at  450°F  and  did  delaminate  from  the  damaged  area  as  shown  in  Figure  9.5-3.  Erosion 
damage  also  did  not  alter  the  failure  mode  for  component  specimens.  As  with  undamaged 
specimens,  the  450°F  HFF  test  resulted  in  splitting  of  the  cross-ply  layers  and  surface  delamina- 
tion as  shown  in  Figure  9.5-4.  It  should  be  noted  that,  again,  delamination  did  not  originate  in 
the  eroded  area  of  exposed  fibers.  A deeply  eroded  component  specimen  (fibers  broken  during 
erosion)  behaved  in  a 450°F  HFF  test  as  though  there  were  no  broken  fibers,  and  specimen 
delamination  did  not  begin  at  the  eroded  area,  as  shown  in  Figure  9.5-5. 
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Figure  9.S-5  Surfitee  .Ip/UMriHU'c'  of  Deeplv  I'roiieJ  (.'i>nipiin«vif  Si>eeitiwti  (4l'>'ltH4  ' After 
4A(fl‘  High  I'iitigue  ieatiiig  iif  t7  U)  n in. /in.  fot  v 10^'  i'ycle.-; 


9.6  BALLISTIC  IMPACT  DAMAGE 

Specimens  siibjeeteil  to  ballistic  impact  liamape  were  tested  and  the  tollowinn  conclusions 
were  drawn; 

• Borsical®  composites  which  sustain  ballistic  impact  damage  have  their  strength 
reduced  proportionally  to  the  eross-section  area  that  was  physically  damaged  dur- 
ing  impaet. 

• The  cross-ply  structure  exhibited  the  least  strength  reduction  due  to  ballistie  im- 
pact; however,  all  three  configurations  had  about  the  same  percentage  reduet  ion 
after  sub.sequent  450°1-  lll'l'  testing. 

• MIT'  life  for  the  unidirectional  cro.ss-ply  specimens  is  reiluced  by  ballistic  impact 
damage;  however.  HEI'  life  of  component  specimens  is  not  affected  by  impact 
damage  of  the  level  evaluated. 

9.6.1  Tensile 

Ihe  impact  evaluated  in  this  program  was  sutficient  ti>  break  fibers  in  all  the  ply  cj>nfigurations 
tested  as  evidenced  by  the  reduced  strength  levels  shown  in  Eigure  and  I'able  9.0-1.  Al- 
though all  specimens  had  lower  strengths  after  damage,  the  percent  decrease  in  ultu\iate  tensile 
strength  varieil  from  one  ply  configuration  to  another  The  strength  loss  tiue  to  impact  was 
4.L.S,  42  and  IS. 7 ivrcent  for  the  unidirectional,  component  and  cross-ply  configurations. 
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respectively.  The  loss  in  strength  due  to  ballistic  impact  followed  by  450°l-  HFF  testing  was 
similar  for  all  three  configurations  and  was  53.8. 47.5  and  48.4  percent  for  unidirectional, 
component  and  cross-ply  configurations,  respectively. 

9.6.2  High  Frequency  Fatigue 

Ballistic  impact  damage  drastically  lowered  the  HFF  life  of  the  unidirectional  and  cro.ss-ply 
configurations  as  shown  in  Table  9.6-11.  However,  impact  damage  did  not  significantly  reduce 
the  HFF  life  of  the  component  material  specimens.  C-scan  results,  shown  in  Figures  9.6-2  and 
9.6-3,  show  that  delamination  failures  in  the  unidirectional  specimens  are  initiated  at  the  im- 
pact area  while  the  delamination  failures  in  tlie  component  specimens  extend  from  the  grip  edge 
(similar  to  undamaged  specimens)  up  through  the  impacted  region.  This  would  indicate  that 
the  failures  do  not  emanate  from  the  impact  area  in  the  component  specimens.  Cross-ply 
laminates  suffer  a drop  in  natural  frequency  due  to  impact  damage  but  no  delamination  occurs. 


Figure  9.6-1  liffcct  of  !iiillistic  Impact  Damage  on  the  70°i'  I'cnsilc  Strength  of  30  I ohime 
Percent  20-Layer  Borsicaf^  Specimens 
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TABLE  9.6-1 


70°  F TENSILE  TEST  RESULTS  FOR  BALLISTIC  IMPACT  DAMAGED 
20-LAYER  50  PERCENT  - VOLUME  BORSICAL®  SPECIMENS 
Prior  HFF  Exposure 


Specimen 

Ply 

Temp. 

Strain 

Cycles  to 

Total 

UTS 

Number 

Config. 

(°F) 

(jiin.l'm.) 

Failure 

Cycles 

(10^  psi) 

3A/U-H1 

0° 

None 

75.6 

3A/U-H4 

0° 

None 

78.3 

3B/U-H3 

0° 

None 

88.5 

3E/U-H1 

0° 

None 

90.5 

3B/U-H2 

0° 

70 

3100 

5x10^ 

10^ 

95.8 

6E/U-H1 

0° 

70 

3100 

5x10^ 

2x10^ 

63.4 

3C/U-H4 

0° 

70 

3100 

105 

3x10^ 

47.3 

3C/U-H1 

0° 

70 

3100 

10^ 

4x10^ 

45.9 

3B/U-H4 

0° 

70 

3500 

5x10^ 

5x10^ 

85.2 

3E/U-H2 

0° 

70 

3550 

5x10^ 

5x10^ 

81.4 

3B/U-H1 

0° 

450 

2100 

5x10^ 

2x10^ 

52.7 

6C/U-H2 

0° 

450 

2100 

10^ 

3x1 06 

75.7 

6D/U-H2 

0° 

450 

2100 

3x10^ 

4x10^ 

87.0 

6D/U-114 

0° 

450 

2100 

4x10^ 

5x10^ 

78.5 

7D/B-H3 

+45O,0°+45° 

None 

65.1 

7D/B-H4 

±450,0®, ±45° 

None 

71.7 

4E/B-H1 

±45O,0°,±45O 

450 

1700 

10^ 

10^ 

69.3 

4E/B-H3 

±45O,0O,±45O 

450 

1700 

2x10^ 

2x10^ 

64.1 

7D/B-H1 

±45O,0°,±45O 

450 

1700 

3x10^ 

3x10^ 

60.7 

7C/B-H3 

±45O,0O,±45O 

450 

1700 

4x10^ 

4x10^ 

69.8 

7B/B-H3 

±45O,0O,±45O 

450 

1700 

3x10^ 

5x10^ 

47.4 

9A/C-H1 

±450 

450 

None 

17.7 

9A/C-H3 

±45° 

None 

17.9 

9C/C-H3 

±45° 

450 

900 

10^ 

10^ 

11.4 

9E/C-H2 

±45° 

450 

900 

2x1 06 

2x10^ 

11.6 

9C/C-H1 

±45° 

450 

900 

3x1 06 

3x10^ 

10.8 

9B/C-H2 

±45° 

450 

750 

DNF* 

4x10^ 

13.5 

9E/C-H3 

±45° 

450 

900 

10^ 

5x10^ 

9.3 

• DNF  = Did  not  fail. 
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TABLE  9.6-11 

HIGH  FREQUENCY  FATIGUE  TEST  RESULTS  FOR  BALLISTIC  IMPACT 
DAMAGED  20-LAYER  50  PERCENT  - VOLUME  BORSICAL®  SPECIMENS 


Specimen 

Number 

Ply 

Con  fig. 

Temp. 

(®F) 

Strain  Cycles  to 
(pin. /in.)  Failure 

Total 

Cycles 

Failure 

Mode 

3B/U-H2 

0® 

70 

3100 

5x10^ 

10® 

Delamination 

3D/U-H1 

0® 

70 

3100 

5x10-*' 

2x10® 

Delamination 

6E/U-H1 

0® 

70 

3100 

5x10^ 

2x10® 

Delamination 

3C/U-H3 

Oq 

70 

3100 

10^ 

3x10® 

Delamination 

3C/U-H4 

0^ 

70 

3100 

10^ 

3x10® 

Dclamination 

3C/U-H1 

0® 

70 

3100 

10^ 

4x10® 

Delamination 

3C/U-H2 

0® 

70 

3100 

10^ 

4x10® 

Delamination 

3A/U-H3 

0® 

70 

3350 

10^ 

5x10® 

Delamination 

3A/U-H2 

0® 

70 

3480 

3x10^ 

lo”^ 

Delamination 

3B/U-H4 

0® 

70 

3500 

5x1 0‘' 

5x10® 

Delamination 

3E/U-H2 

0® 

70 

3550 

5x1 0-** 

5x10® 

Dclamination 

6C/U-H3 

0® 

450 

2100 

10^’ 

10® 

Delamination 

3B/U-H1 

0® 

450 

2100 

5x10'^ 

2x10® 

Delamination 

3D/U-H2 

0® 

450 

2100 

5x10^ 

2x10® 

Delamination 

6C/U-H1 

0® 

450 

2100 

10^ 

3x10® 

Delamination 

6C/U-H2 

0® 

450 

2100 

10^’ 

3x10® 

Delamination 

6C/U-H4 

0® 

450 

2100 

3x10^ 

4x10® 

Delamination 

6D/U-H2 

0® 

450 

2100 

3x10^' 

4x10® 

Delamination 

6D/U-H3 

0® 

450 

2100 

3x10^ 

5x10® 

Delamination 

6D/U-H4 

0® 

450 

2100 

4x10^’ 

5x10® 

Delamination 

4E/B-H1  ±45°.0°.±45^ 

450 

1700 

10® 

10® 

Dclamination 

4E/B-H2  ±45?,0® +45® 

450 

1700 

10® 

10® 

Deiamination 

4E/B-H3  +45®,0® +45® 

450 

1700 

2x10® 

2x10® 

Delamination 

4E/B-H4  +45®,0® +45® 

450 

1700 

2x10® 

2x10® 

Delamination 

7D/B-H1  +45®.0®+45® 

450 

1700 

3x10® 

3x10® 

Delamination 

7D/B-H2  +45®,  0° +45® 

450 

1700 

3x10® 

3x10® 

Dclaminativm 

7C/B-H3  +45®,0®.+45® 

450 

1700 

4x10® 

4x10® 

Delamination 

7C/B-H4  ±45®,0®,+45® 

450 

1700 

4x10® 

4x10® 

Deiamination 

7B/B-H3  +45®0®,+45® 

450 

1700 

3x10® 

5x10® 

Dclamination 

7B/B-H4  +45®.0®.+45® 

450 

1700 

.)xl0^ 

5x10® 

Dclamination 

9B/C-H2  +45® 

450 

750 

6x10®* 

4x10® 

lO'  r r„  Drop 

9B/C-H3  +45® 

450 

750 

6x10®* 

4x10® 

lO'V  f„  Drop 

9C/C-H3  +45® 

450 

900 

10® 

10® 

Hyv  t jj  Drop 

m^4 
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TABLE  9.6-11 


HIGH  FREQUENCY  FATIGUE  TEST  RESULTS  FOR  BALLISTIC  IMPACT 
DAMAGED  20-LAYER  50  PERCENT  - VOLUME  BORSICAL®  SPECIMENS 


Specimen 

Number 

Ply 

Config. 

Temp. 

(°F) 

Strain  Cycles  to 
(pin. /in.)  Failure 

Total 

Cycles 

Failure 

Mode 

4 

3B/U-H2 

0° 

70 

3100 

5x10^ 

10^ 

Delamination 

3D/U-H1 

0° 

70 

3100 

5x10^ 

2x10^ 

Delamination 

6E/U-H1 

0° 

70 

3100 

5x10^ 

2x10^ 

Delamination 

« 

3C/U-H3 

Oo 

70 

3100 

10^ 

3x10^ 

Delamination 

3C/U-H4 

0° 

70 

3100 

105 

3x10^ 

Delamination 

3C/U-H1 

0° 

70 

3100 

10^ 

4x10^ 

Delamination 

3C/U-H2 

0° 

70 

3100 

10^ 

4x10^ 

Delamination 

3A/U-H3 

0° 

70 

3350 

10^ 

5x10^ 

Delamination 

3A/U-H2 

0° 

70 

3480 

3x10^ 

10^ 

Delamination 

3B/U-H4 

0° 

70 

3500 

5x1 0^ 

5x10^ 

Delamination 

3E/U-H2 

0° 

70 

3550 

5x10^ 

5x10^ 

Delamination 

\ 

6C/U-H3 

0° 

450 

2100 

10^ 

10^ 

Delamination 

3B/U-H1 

0° 

450 

2100 

5x10^ 

2x10^ 

Delamination 

3D/U-H2 

0° 

450 

2100 

5x10^ 

2x10^ 

Delamination 

6C/U-H1 

0° 

450 

2100 

10^ 

3x1  O^’ 

Delamination 

6C/U-H2 

0° 

450 

2100 

10^ 

3x10^ 

Delamination 

. 

6C/U-H4 

0° 

450 

2100 

3x10^ 

4x10^ 

Delamination 

6D/U-H2 

0° 

450 

2100‘ 

3x10^ 

4x10^ 

Delamination 

1 

6D/U-H3 

0° 

450 

2100 

3x10^ 

5x10^ 

Delamination 

6D/U-H4 

0° 

450 

2100 

4x10^ 

5x10^’ 

Delamination 

i 

4E/B-H1  ±45°, 00+45° 

450 

1700 

10^ 

10^ 

Delamination 

4E/B-H2  ±45p,0°±45° 

450 

1700 

10^ 

10^ 

Dclamination 

4E/B-H3  ±45°,0°,+45° 

450 

1700 

2x10^ 

2x10^ 

Delamination 

4E/B-H4  ±45°,0°,±45° 

450 

1700 

2x10^ 

2x10^ 

Delamination 

7D/B-H1  ±45°,0°,±45° 

450 

1700 

3x10^ 

3x10^ 

Del?mination 

7D/B-H2  ±45°,0°,±45° 

450 

1700 

3x10^ 

3x10^ 

Delamination 

7C/B-H3  ±45°,0°,±45° 

450 

1700 

4x10^ 

4x10^ 

Delamination 

7C/B-H4  ±45°,0°,+45° 

450 

1700 

4x10^ 

4x10^ 

Delamination 

7B/B-H3  ±45°,0°,±45° 

450 

1700 

3x10^ 

5x10^’ 

Dclamination 

7B/B-H4  ±45°,0°,±45° 

450 

1700 

3x10 

5x10^ 

Delamination 

9B/C-H2  ±45° 

450 

750 

6x10^* 

4x10^ 

10%  fp  Drop 

9B/C-H3  ±45° 

450 

750 

6x10^ 

4x10^ 

1 0%  fp  Drop 

9C/C-H3  ±45° 

450 

900 

10^’ 

10^ 

10%  fp  Drop 

’•'Fracture  surface  indicated  defective  specimens. 


113 


PRATT  * WHITNEY  AIRCRAFT  GROUP 


TABLE  9.6-11  (Cont’d) 


Specimen 

Ply 

Temp. 

Strain 

Cycles  to 

Total 

Failure 

Number 

Config. 

(°F) 

Oiin./in.) 

Failure 

Cycles 

Mode 

9E/C-HI 

+45° 

450 

900 

10^ 

10* 

10%  Drop 

9E/C-H2 

+45° 

450 

900 

2x10* 

2x10* 

10%  fn  Drop 

9F/C-H2 

+45° 

450 

900 

2x10* 

2x10* 

10%  fp  Drop 

9C/C-H1 

+45° 

450 

900 

3x10* 

3x10* 

10%  fp  Drop 

9A/C-H4 

+45° 

450 

900 

3x10* 

3x10* 

10%fnDrop 

9E/C-H3 

+45° 

450 

900 

10* 

5x10* 

10%  ff.  Drop 

9E/C-H4 

+45° 

450 

900 

10* 

5x10* 

10%  f„  Drop 
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BALLISTIC  DAMAGE 


AS  IMPACTED  BEFORE  FATIGUE  TESTING 


GRIPPED  END  OF 
SPECIMEN 


DE  LAMINATION 


AFTER  FATIGUE  TESTING 


Figure  9.6-2  Ultri.isonic  C-Scun  I'est  Results  for  liullisticulh'  Iwpiicteil  ( 'tthlirectiotud  Specinieii 
f3A/u-H2)  Ih'jore  and  .A  fter  High  l-retpiencv  l-'atigue  Testing  Showing  Delatnina- 
tion  That  Occurred  During  Tatigue  Testing. 


BALLISTIC  DAMAGE 


AS  IMPACTED,  BEFORE  FATIGUE  TESTING 


GRIPPED  END 
OF  SPECIMEN 


OELAMINATION 


AFTER  HIGH  FREQUENCY  FATIGUE  TESTING 

Figure  9. 6-3  Ultrasonic  C-Scan  Test  Results  for  Ballistically  Impacted  Component  Specimen 
(7BIB-H4)  Before  and  After  High  Frequency  Fatigue  Testing  Showing  Delaminc 
tion  that  Occurred  During  Fatigue  Testing 


— p 11— I mr  I*. '_■!.' ' ' 
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9.6.3  Metallography 

A large  amount  of  matrix  cracking  was  found  in  the  unidirectional  specimens  after  impact,  plus 
70°F  or  450°F  HFF  testing,  as  shown  in  Figure  9.64.  In  contrast,  the  component  specimens 
which  were  impacted  and  HFF  tested  at  450°F  did  not  contain  as  much  matrix  damage  as  the 
unidirectional  specimens,  as  shown  in  Figure  9.6-5.  Note  that  although  the  cross-ply  layers 
suffered  extensive  fiber  breakage,  the  unidirectional  core  fibers  remained  intact  and  little 
matrix  cracking  occurred.  At  locations  away  from  the  immediate  impact  area,  fiber  splitting 
and  surface  delamination  took  place  in  these  component  specimens  similar  to  the  undamaged 
specimen  behavior,  as  shown  in  Figure  9.6-6.  Impact  plus  450° F HFF  damage  of  cross-ply 
material  is  illustrated  in  Figure  9.6-7.  The  excessive  fiber  and  matrix  damage  shown  are  prob- 
ably the  cause  of  the  early  frequency  drop  observed. 
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Figure  Q.(f-4  Balli.<tii\ill\‘  liiijiiictctl  l 'iiidirci  iio)uil  Spcciiucn 

Testing;  Sliou  iiig  /'.vfcM.NiVf  Matrix 
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9.7  THERMAL  FATIGUE  DAMAGE 

ITie  followiiiR  conclusions  were  drawn  from  the  results  of  the  thermal  futiitue  damage  testing: 

• Ten.sjle  strength  of  Borsical®  composite  unidirectional  specimens  is  apparently 
lowered  hy  thermal  cycling. 

• HFF  damage  at  450'’1'  in  addition  to  thennul  cycling  lowers  the  70°F  tensile  strength 
of  the  component  .specimens  beyond  that  of  undamaged  lll-F  specimens  but  does 
not  affect  the  cross-ply  composite  strength. 

• Component  specimens  did  not  suffer  reduction  in  their  capability  as  a result 
of  thermal  fatigue  expo.sure. 

9.7.1  Tensile 

The  70"F  tensile  strength  (Figure  9.7-1  and  Table  9. 7-1 ) of  cro.ss-ply  and  component  specimens 
was  not  significantly  influenced  by  thermal  cycling  ( 6.S  to  .S()0°F).  .Sub.scquent  lll'F  testing 
at  450”F  reduced  the  strength  ot  component  specimens  with  no  significant  effect  observed 
for  cross-ply  specimens.  I'he  strength  of  unidirectional  material  decreased  as  a result  of  thermal 
cycling  followed  by  70'’l'  lll'F  exposuix';  however,  considerable  scatter  was  oKserved.  IIFI 
exposure  at  4.S0'’F  apparently  lowered  the  tensile  strength  of  unidirectional  material;  however, 
the  anomalous  behavior  of  thermal  cycled  specimens  with  no  subsequent  IlF'l'  exposure  pre- 
vented a clear  analysis. 

9.7.2  High  Frequency  Fatigue 

Unidirectional  and  cross-ply  composite  HIT'  capability  w;is  reduced  by  thermal  fatigue  cycling 
(Table  9.7-111.  The  component  specimens  did  not  suffer  loss  in  IlF'l*  life  alter  thermal  fatigue. 


/•Jgure  9.  7-1  lUivKi  of  I'hcmuil  /-.in^'nr  D.mi.ijie  lUi  thv  7<fl'  Trnsilr  Sitcni>tli  of  .'(>  I olinur 
Perceni  2(t-lAivt'r  Horsioifi^  SfH’i'imrns 
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TABLE  9.7-1 

70° F TENSILE  TEST  RESULTS  FOR  THERMAL  FATIGUE 
DAMAGED  20-LAYER  50  PERCENT  - VOLUME  BORSICAL®  SPECIMENS 


Prior  HFF  Exposure 


Specimen 

Ply 

Temp. 

Strain 

Cycles  to 

Total 

UTS 

Modulus 

Number 

ConfiK. 

(Op) 

(/iin./in.) 

Failure 

Cycles 

(10-^  psi)  (10°  psi) 

llA/u-Hl 

0« 

None 

73.9 

__ 

2F/U-H3 

0® 

None 

60.7 

- 

2F/U-H4 

0° 

None 

74.2 

llB/u-HI 

0" 

None 

55.3 

1IA/U-H4 

0® 

70 

3140 

10^ 

5x10^’ 

116.0 

nF/u-H3 

0« 

70 

3060 

2x10^’ 

lo"^ 

72.7 

11B/U-H2 

0® 

70 

2900 

DNF* 

4x10^’ 

138.0 

2F/U-H2 

0« 

70 

2540 

DNF 

lO"^ 

121.7 

2F/U-HI 

0*^ 

70 

2540 

DNF 

10’^ 

101.5 

11B/U-H3 

0« 

450 

2150 

4x10^ 

4x10^ 

75.7 

- 

ilD/u-HI 

0° 

450 

2090 

2x10^’ 

5x1  O^^* 

65.7 

- 

1 1 D/U-H3 

0*^ 

450 

2080 

2x10^ 

3x10^' 

77.7 

- 

8A/B-H1 

+45°.0°+45” 

None 

106.8 

26.7 

8A/B-H3 

±45®,0‘’+45‘^ 

None 

100.8 

28.5 

8C/B-H1 

±450,0° +45”  450 

1770 

3x10^ 

3x10^’ 

37.3 

- 

8D/B-H2 

±45O,0O.±45O  450 

1655 

3x10^’ 

4x10^’ 

41.2 

- 

8B/B-H3 

+450.OO.+450  450 

1565 

3x10^ 

5x10^’ 

55.8 

12A/C-H4 

±45° 

None 

25.9 

12B/C-H1 

±45° 

None 

24.7 

12C/C-H1 

±45° 

450 

915 

5x10-*' 

3x10^ 

25.8 

I2B/C-H3 

±45° 

450 

970 

3x10*' 

4x10^’ 

21.0 

12A/C-HI 

±45° 

450 

885 

5x10-*' 

5x10^’ 

2(>.8 

• DNF  = Did  not  fail. 
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TABLE  9.7-n 

HIGH  FREQUENCY  FATIGUE  TEST  RESULTS  FOR  THERMAL  FATIGUE 
DAMAGED  20-LAYER  50  PERCENT  - VOLUME  BORSICAL®  SPECIMENS 


Specimen 

Ply 

Temp. 

Strain 

Cycles  to 

Total 

Failure 

Number 

Con  fig. 

(‘'F) 

(pin. /in.) 

Failure 

Cycles 

Mode 

2F/U-HI 

0« 

70 

2540 

3x10^ 

lo'^ 

Delamination 

2F/U-H2 

0° 

70 

2540 

6x10^ 

10^ 

Delamination 

nB/u-H2 

0^’ 

70 

2900 

DNF* 

4x10*' 

— 

I1A/U-H3 

0« 

70 

3025 

DNF 

5x10** 

— 

11D/U-H3 

0« 

70 

3060 

2x10^ 

lO”^ 

Delamination 

11A/U-H2 

0^^ 

70 

3100 

3x10^ 

4x10*' 

Delamination 

11A/U-H4 

0« 

70 

3140 

10^ 

5x10*' 

Delamination 

1 1 F/U-H3 

0« 

70 

3060 

2x10^ 

lo"^ 

Delamination 

2F/U-H2 

70 

2540 

DNF 

lo’^ 

- 

11D/U-H4 

0^’ 

450 

2065 

2x10^ 

3x10*' 

Delamination 

11D/U-H3 

0^’ 

450 

2080 

2x10^ 

3x10*' 

Delamination 

UD/u-Hl 

0‘’ 

450 

2090 

2x10^ 

5x10*' 

Delamination 

1 1 B/U-H4 

0^' 

450 

2115 

DNF 

4x10** 

1 1 B/U-H3 

0^' 

450 

2150 

4x10^ 

4x10*' 

Delamination 

nD/u-H2 

0‘’ 

450 

2220 

3x10^’ 

5x10*' 

Delamination 

8B/B-H3 

+45‘\0‘\+45^ 

450 

1565 

3x10^ 

5x10*' 

Delamination 

8D/B-H2 

+45^\0‘M45‘’ 

450 

1655 

3x10^ 

4x10*' 

Delamination 

8C/B-H4 

±45”0‘M45‘^  450 

1680 

3x10^ 

5x10*’ 

Delamination 

8B/B-H4 

±45‘’.0‘\+45‘’  450 

1705 

3x10*' 

3x10*' 

Delamination 

8E/B-H1 

±45°.0^\±45^'  450 

1715 

3x10** 

4x10*' 

Delamination 

8C/B-H1 

+45‘’,0‘\+45‘’  450 

1770 

3x10*' 

3x10*' 

Delamination 

12A/C-H1 

±45'^ 

450 

885 

5x10-^ 

5x10*' 

lO-Xr  l„  drop 

12C/C-H1 

+45‘^ 

450 

915 

5x10^** 

3x10*' 

10*7,.  f,^  drop 

1 2A/C-H2 

+45‘’ 

450 

920 

5x10-*’ 

5x10*' 

1 0^  t drop 

1 2B/C-H3 

+45" 

450 

970 

3x10^ 

4x10*' 

10‘>!  f„  d-op 

12B/C-H4 

+45” 

450 

980 

3x10*' 

4x10*' 

10^  r„  drop 

* DNF  = Did  not  fail. 

**  Estimated  Failure 
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9.7,3  Metallurgy 

The  unidirectional  spceiinens  wlueh  were  tliermal  cycled  aiul  Mi  l'  tested  at  rot>ni  temiH'rature 
and  approximately  3IOO|iin./in.  contained  numerous  tatigue  cracks  as  shown  in  Figure  9.7-2. 

1 hese  fatigue  cracks,  which  were  not  found  to  any  significant  amount  in  undamaged  specitnens 
tested  at  similar  strains  (shown  in  Figure  9.4-4),  apparently  resulted  from  a conrbination  of 
thermal  cycling  and  I IFF  testing.  No  fatigue  cracks  were  detected  m as-thermal-fatigue  speci- 
mens. Microstructum  variations  after  various  amounts  of  III  I-'  damage  were  undetcclahle. 

When  IM  F tested  at  450°i.  the  unidirectional  specimens  exhibited  severe  intenial  delaniination 
extending  inward  from  the  specimen  surface  and  edge,  as  shown  in  (Figure  9.7-3). 

The  microstructure  of  thermal  fatigue  component  specimens  looked  no  difterent  from  un- 
damaged specimens  after  a 4.‘'()“F  IIFF  test.  Failums  were  characleri/ed  by  splitting  of  the 
cross-ply  fibers  and  surface  delamination  (I'igiire  9.7-4)  with  interconnected  fatigue  cracks. 
I'ross-ply  samples  also  appeared  similar  to  undamaged  specimens  with  fiber  splitting  normal 
to  the  specimen  surface. 
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9.8  SALT  STRESS-CORROSION  l)AMA» 

The  results  from  the  salt  sta’ss-eorrDsion  liaiuajteil  s|x*einieu  testing  leail  to  the  lollowinp 
conclusions : 

• Salt  stress  corrosion  had  no  affect  on  the  70'’F  strength  of  cross-ply  or  component 
Borsical®  coinpo.sites . 

• HFF  damage  in  addition  to  the  corrosion  did  irot  reduce  composite  tensile  strength 
in  the  crossply  and  component  specimens. 

• Component  specimens  retain  their  4.S0'^F  IIF'F  capability  even  after  100  hours  of 
s;tlt  stress  corrosion;  liowever,  crossply  and  unidirectional  layups  do  suffer  a loss 
in  HFF  life  at  4.S0°F. 

9.8.1  Tensile 

Salt  stress  corn>sion.  with  or  without  HFF  testing,  uiu  not  affect  ''tV’l  tensile  strength  of  the 
cros.s-ply  or  the  component  specimens,  as  indicated  in  Figure  9.8-1  and  I'able  9.8-1.  Uni- 
directional specimens  exhibited  an  apparent  ilecrcase  m strength  due  to  salt  stress  corrosion 
lollowed  by  HF'F'  exposure  to  70  or  450‘’l'';  however,  the  anomalous  behavior  of  exposed 
specimens  with  no  subseipient  HF'F'  prevented  a clear  analysis. 

9.8.2  High  Frequency  PatigtK* 

HF'F  tests  on  unidirectional  and  cross-ply  specimens  at  45tf  F'  indicated  a slight  reduction  in 
HFF  capability  due  to  sail  stress  corrosion,  as  shown  in  Table  9.8-11.  At  the  same  time,  uni- 
dia'ctional  specimens  HF'F  tested  at  70°F'  and  component  specimens  tested  at  4.^0‘'F'  were 
not  influenced  by  the  coirosion  exposuav  The  lowering  of  the  HF'F'  life  for  the  ctoss-pl\ 
specimens  may  be  due  to  the  fact  that  the  exposua*  strain  of  1S80  /ain  in  was  more  than 
double  the  HF'F'  test  strain  which  a’siilteil  in  matrix  yielding,  resulting  in  a permanent  bend 
to  the  speeitnens. 
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TABLH  9.8-1 

i 70°F  TENSILE  TEST  RESULTS  FOR  SALT  STRESS  - CORROSION 

DAMAGED  20-LAYER  50  PERCENT  - VOLUME  BORSICAL®  SPECIMENS 


r 

Prior  HFF  Fxposiire 

• “ “ ' ■ ■ - _ - - - 


Specimen 

Ply 

Temp. 

Strain 

Cycles  to 

Total 

UTS 

Modulus 

T 

Number 

Config. 

(”F) 

(pin. /in.) 

Failure 

Cycles 

(lO"^  psi)  (10”psi) 

6A/U-H1 

0^’ 

None 

83.2 

_ 

▼ - 

6A/U-H2 

0^’ 

None 

100.8 

3F/U-H2 

0° 

None 

103.5 

- 

3F/U-H3 

O^’ 

None 

104.5 

m ■ 

6A/U-H3 

0^’ 

None 

100.2 

# 

6A/U-H4 

0" 

None 

89.2 

m 

6B/U-H1 

0« 

70 

3400 

10^ 

5x10^’ 

129.0 

— 

• 

6B/U-H4 

O^’ 

70 

3400 

5x10^’ 

5x10^ 

129.5 

- 

6D/U-HI 

0« 

450 

2170 

3x10^ 

4x10^ 

81.9 

T * 

i . 

6F/11-H4 

0« 

450 

2100 

3x10^’ 

3x10^ 

78.1 

8A/B-H2 

±45‘\0°+45‘^ 

None 

103.8 

28.8 

A 

8A/B-H4 

±45‘\0"  ±45*^ 

None 

111.2 

28.0 

m ■ 

8E/B-H2 

+45‘^.0".±45‘’ 

450 

1445 

DNF* 

5x10^ 

110.0 

9 

8B/B-HI 

±45O,0”,±45‘^ 

450 

1450 

DNF 

5x10^ 

103.1 

« 

7F/B-H3 

±45”.0‘\±45^ 

450 

1730 

DNF 

3x10^ 

98.0 

r 

1 2A/C-H3 

+45^^ 

None 

25.2 

_ 

% 

12B/C-H2 

±45° 

None 

24.8 

- 

t 

9F/C-H4 

+45» 

450 

995 

3x10^ 

3x10^ 

22.4 

4 

12E/C-HI 

±45” 

450 

920 

2x10^ 

5x10^’ 

23.1 

- 

9(7C-H4 

±45” 

450 

860 

3x10^ 

4x10^ 

20.6 

4 
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TABLE  9.8.11 


HIGH  FREQUENCY  FATIGUE  TEST  RESULTS  FOR  SALT  - CORROSION 
DAMAGED  20-LAYER  50  PERCENT  - VOLUME  BORSICAL®  SPECIMENS 


Specimen 

Number 

Ply 

Config. 

Temp. 

(OF) 

Strain 

(liin./in.) 

Cycles  to 
Failure 

Total 

Cycles 

Failure 

Mode 

6B/U-H3 

0° 

70 

3400 

3x10^ 

5x10^ 

Delamination 

6B/U-H4 

0« 

70 

3400 

5x10^ 

5x10^ 

Delamination 

6B/U-H1 

0° 

70 

3400 

10^ 

5x10^ 

Delamination 

6B/U-H2 

OO 

70 

3400 

3x10^ 

5x10^ 

Delamination 

6E/U-H4 

0° 

450 

2055 

4x10^ 

4x10^ 

Delamination 

11F/U-H2 

0° 

450 

2100 

3x10^’ 

3x10^ 

Delamination 

6F/U-H4 

0° 

450 

2100 

3x10^ 

3x10^ 

Delamination 

1 1 F/U-H4 

0° 

450 

2135 

2x10^’ 

5x10^ 

Delamination 

11E/U-H2 

OO 

450 

2150 

2x10^ 

5x10^ 

Delamination 

6D/U-H1 

0° 

450 

2170 

3x10^’ 

4x10^ 

Delamination 

8B/B-H2 

±45O0°,±45O 

450 

1445 

DNF* 

5x10^ 



8B/B-H1 

±45O0°.±45O 

450 

1450 

DNF 

5x10^ 

— 

8F/B-H4 

+450.OO+450 

450 

1615 

DNF 

4x10^ 

— 

8E/B-H2 

+45°,0°.±45° 

450 

1625 

DNF 

4x10^ 

- 

8D/B-H3 

+45O,0°,±45° 

450 

1675 

DNF 

3x10^ 

: 

7F/B-H3 

±450,00,145^’ 

450 

1730 

DNF 

3x10^ 

j 

9C/C-H4 

±450 

450 

860 

3x10^ 

4x10^ 

10%  fn  drop 

12C/C-H4 

+450 

450 

900 

2x10^ 

5x10^ 

10%  fn  drop 

12E/C-H1 

+45O 

450 

920 

2x10^ 

5x10^ 

1 0%  fp  drop 

12F/C-H3 

±450 

450 

925 

3x10^ 

4x10^ 

10%  fp  drop 

12E/C-H3 

±450 

450 

985 

3x10^ 

3x10^’ 

1 0%  fp  drop 

9F/C-H4 

+450 

450 

995 

3x10 

3x10^’ 

10%  fp  drop 

• DNF  = Did  not  fail. 

t 
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9.8.3  MetaUography 

in  general,  salt  stress  corrosion  had  no  apparent  effect  on  the  HFF  failure  mode  of  the  three 
ply  configurations  that  were  tested.  Unidirectional  material  had  surface  delamination  and 
matrix  cracking,  Figure  9.8-2,  and  component  specimens  exhibited  surface  delamination  and 
fiber  splitting  parallel  to  the  specimen  surface,  as  previously  shown  in  Figure  9.4-8.  Cross-ply 
material  had  surface  delamination  in  addition  to  matrix  cracking  and  fiber  splitting,  as  shown 
in  Figure  9.8-3.  This  surface  delamination  is  apparently  a result  of  the  very  high  surface  strain 
during  the  salt  exposure. 

9.9  Discussion  of  Results 

None  of  the  four  types  of  damage  evaluated  in  this  program  appear  to  result  in  rapid  deteriora- 
tion of  component  properties.  A summary  of  the  results,  presented  in  Tables  9.9-1  and  9.9-11, 
reveals  no  exposure  effect  on  HFF  life  of  component  specimens  with  only  ballistic  impact  and 
thermal  fatigue  showing  any  effect  on  tensile  properties  of  this  material.  The  effect  of  ballistic 
impact  is  directly  proportional  to  the  cross-sectional  area  physically  damaged  from  impact 
which  can  be  estimated  from  visual  inspection.  Erosion  damage  will  apparently  have  an  effect 
only  when  it  penetrates  into  the  blade  core  which,  from  actual  component  testing,  is  not 
anticipated. 

Results  of  actual  component  testing,  consisting  of  exposure  to  these  four  types  of  damage 
followed  by  450°F  HFF  testing  have  been  in  agreement  with  the  above  results.  Component 
testing  consisting  of  thermal  cycling  followed  by  spin  pit  testing  has  shown  that  the  decrease 
in  tensile  strength  due  to  thermal  cycling  is  insufficient  to  cause  premature  blade  failure. 


-H2J  After  70° I'  Hif^h  I'requency  I'atigne  Testing 
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[ I Figure  9. 8-3  Microstmctu  re  of  Salt  Stress-Corrosion  Damaged  Cross-Ply  Specimen  ( 1 2DIC-H 1 ) 

I * ' After  450°F  High  Frequency  Fatigue  Testing 

r i; 


i. 


n 


i 


I 


i; 

I 

ij 


i 


PKATTA  Wllll'NI'  Y AIKCKAI-T  (;ROllP 


l ABU-; 


SUMMARY  OF  IMMAC'.F  F,F1'F(TS  ON  70"F  Tl  NSll  F TFSl’ 

PKOn  RTIFS  Ol-  :()-l  AVFR  50  rFR('FNT - VOl  UMF  RORSK'AI  SIM CIMFNS 

l):iiua)!o 

1 xposviro 

riy  (’onl'ignration 

Uniilircctional 

('oinponent 

I'ross-IMy 

70‘’F  IIFF 

None 

450‘’F  HIM- 

About  25*’?  lower 

Very  slightly  lower 

None 

I'rosion 

Nil* 

None 

None 

I rosion  no*'!'  HIM' 

Nil 

I rosion  +450‘'F'  IIF'I- 

None 

Nil 

None 

Ballistic  lin)>act 

lower  (45.5'':) 

l ower  (42' ;•> 

Slightly  1 ower  ( IS.7‘’M 

Bl  » 70‘’F'  111' I' 

54''I'  1 owei 

B1  ♦ 450‘’l  IlFI' 

5.VS‘':  1 mvei 

47,5‘,’i  1 iiwer 

4S,4'';  1 v>wer 

riicrtnal  Faliisuc 

1 ower 

Nil 

None 

I F + 70‘M'  MM' 

Slightly  1 owei 

TF'  + 450‘’F  IIFF' 

1 «)wer 

1 »>wei 

None 

Salt  Slross-Corrosion 

1 ower 

Nil 

None 

SSt'  + 70‘’F'llFF 

Slightly  1 ower 

SSC'  + 450‘’F'  IIFF' 

1 ower 

Nil 

None 

• Nil  * Slightly  lower 

properties  bnt  within  material  scatter  baiul 
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TABLE  9.9-11 

SUMMARY  OF  DAMAGE  EFFECTS  ON  HIGH  FREQUENCY  FATIGUE 
PROPERTIES  OF  20-LAYER  50  PERCENT  - VOLUME  BORSICAL®  SPECIMENS 

Ply  Configuration 


Damage 

Unidirectional 

Component 

Cross-Ply 

Exposure 

(70°F  HFF) 

(450"F  HFF) 

(450°F  HFF) 

(450°F  HFF) 

Erosion  (1)* 

None 

None 

None 

None 

Erosion  (ID* 

- 

Lower 

None 

Lower 

Ballistic  Impact 

Much  Lower 

Lower 

None 

Lower 

Thermal  Fatigue 

Lower 

Slightly  Lower 

None 

Much  Lower 

Salt  Stress-Corrosion 

None 

Slightly  Lower 

None 

Lower 

•Type  I;  sufficient  erosion  to  expose  two  layers  of  fibers  without  fiber  breakage. 
•Type  11;  sufficient  erosion  to  break  fibers. 
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9.10  REPAIR  TECHNOLOGY 

In  addition  to  establishing  the  service  capability  of  Borsical^  fan  blades, a companion  pro- 
gram was  conducted  to  develop  and  evaluate  schemes  for  the  repair  of  damaged  components. 
Specimens,  rather  than  actual  blades,  were  utilized  to  permit  close  control  of  test  parameters 
and  to  facilitate  a less  ambiguous  interpretation  of  test  results.  Techniques  investigated  for 
repair  of  surface  damage  included  aluminum  brazing,  aluminum/silicone  resin,  zinc/aluminum 
soldering,  polyimide  resin  filler,  and  resin  filler  with  additives  such  as  graphite  or  powdered 
aluminum.  Tensile  and  high  frequency  fatigue  tests  were  conducted  at  room  temperature 
and  at  450°F  on  both  as-damaged  and  repaired  specimens  to  evaluate  the  effectiveness  of 
these  schemes.  Of  the  repair  methods  investigated,  the  most  promising  were  the  aluminum/ 
silicone  resin  and  the  polyimide  plus  graphite  filler.  Tlie  procedures  for  repairing  Borsical® 
test  specimens  using  these  repair  schemes  are  described  below.  Tlie  other  materials  proved 
unsatisfactory  because  of  poor  bonding,  undesirable  thermal  expansion  coefficients,  or,  in 
the  case  of  the  aluminum  braze,  the  high  processing  temperature  (900°F)  warped  the  specimen. 

9.10.1  Repair  Procedures 

Twenty-layer  unidirectional  (0°)and  component  configuration  (±45°,  0°,  ±45°)  specimens 
were  impacted  with  a 0.67  gram  pellet  fired  from  an  air  pistol  at  a velocity  of  500  feet  per 
second.  Both  tensile  and  high  frequency  fatigue  specimens  were  damaged  in  this  manner 
(Figure  9. 1 0-1 ).  Repairs  were  made  on  specimens  in  both  the  as-damaged  condition  and 
after  removal  of  damaged  material  (Figure  9. 10-2). 

Repair  of  specimens  with  alumituim/silicone  resin  was  achieved  by  direct  application  of  the 
resin  to  the  damaged  area.  The  aluminum/silicone  resin  was  allowed  to  set  in  air  at  room 
temperature  for  approximately  four  hours  and  then  siinded  smooth.  Multiple  applications 
were  required  in  some  cases  where  the  damaged  material  was  removed  prior  to  repair.  To 
ensure  that  the  aluminum/silicone  resin  repair  would  be  usable  at  450°F,a  repaired  test  piece 
was  exposed  for  100  hours  at  500°F  and  only  slight  discoloration  resulted  (Figure  9,10-3). 

Polyimidc/graphite  repair  was  accomplished  using  a mixture  (1 :6)  of  chopped  graphite  tow 
(Morganite  II)  1/16-  to  I /4-inch  long  and  polyimide  powder  (PI  3N).  lYeformed  slugs  of 
polyimide/graphite  approximately  0.28-inch  diameter  by  0.2-inch  thick  were  pressed  at  550°1' 
and  150  psi  for  10  minutes.  After  removing  the  damaged  area  by  drilling,  specimens  were 
repaired  with  these  slugs  by  pressing  the  slug  into  the  cleaned  out  hole  at  550°F  and  200  psi 
for  30  minute.s.  A 450°F  cure  for  four  hours  completed  the  repair  procedure  (Figure  9. 10-4). 

9.10.2  Tensile  Test  Results 

Room  temperature  and  450°F  tensile  tests  were  conducted  on  both  unidirectional  and  com- 
ponent configuration  specimens  in  the  as-impacted  and  repaired  condition  with  the  results 
shown  in  Table  9.10-1.  Some  of  the  low  strength  values  resulted  from  the  off-center  location 
of  damage  and  repair  on  some  test  specimens.  Tliis  condition  causes  non-uniaxial  loading 
and  excessive  bending  during  test. 
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A summary  of  the  effect  of  each  kind  of  repair  on  tensile  strength  for  the  Borisical®  compos- 
ites is  shown  in  Figure  9.10-5.  The  strength  of  impacted  unidirectional  specimens  was  lowered 
slightly  at  450°F  when  samples  were  leached  prior  to  either  an  aluminum/silicone  resin  or  a 
graphite/polyimide  repair.  This  five  to  ten  percent  strength  reduction  probably  is  due  to  the 
removal  of  matrix  during  leaching  rather  than  an  interaction  between  the  composite  and  the 
filler  material.  The  specific  amount  of  matrix  removed  by  leaching  varied  from  specimen  to 
specimen,  and  is  belived  to  account  for  some  low  strength  values  for  the  component  config- 
uration specimens. 

Based  on  the  data  in  Table  9.10-1  and  Figure  9.10-5,  both  the  graphite/polyimide  and  the 
aluminum  /silicone  resin  repairs  would  not  significantly  reduce  the  as-damaged  composite 
strength.  However,  leaching  away  damaged  material  followed  by  repair  is  not  recommended 
for  maintaining  maximum  strength. 
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Figure  9. 10-2  Impacted  Borsicaf^  20-Layer  Test  Specimens  After  Removal  of  Damaged 
Material  by  Leaching  with  HCl 
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TABLE  9.10-1 

TENSILE  TEST  RESULTS  FOR  20-LAYER  50  PERCENT  VOLUME 
BORSICAL®  SPECIMENS  BEFORE  AND  AFTER  REPAIR 


Specimen 

Number 

Ply 

Conl'ig. 

Condition 

Test  letup. 
(“F) 

Tensile  Strength 
(lOOOpsi) 

.?  A/U-Hl 

0° 

As  impacted 

70 

75.6 

3 A/U-H4 

0° 

As  impacted 

70 

78.3 

3 B/U-H3 

0° 

As  impacted 

70 

88.5 

3E/U-H1 

0° 

As  impacted 

70 

‘10.5 

15  A/U-Tl 

0° 

As  impacted 

70 

80.9 

1 5 A/II-T2 

0° 

As  impacted 

70 

95.3 

15  A/U-T3 

0° 

As  impacted 

70 

94.7 

15  D/U-T4 

0° 

Leached-Al /Silicone  Resin 
Repaired 

70 

77.0 

15  A/U-T4 

(f 

As  impacted 

450 

99.7 

15  A/U-T5 

0° 

As  impacted 

450 

76.0 

15  A/U-T6 

0° 

As  impacted 

450 

91.8 

15  B/U-T6 

0° 

Unleached-Al /Silicone 

Rc.sin  Repaired 

450 

59.0* 

15D/U-T5 

0° 

Unleached-A  1 /Silicone 

Re.sin  Repaired 

450 

82.0 

15  d/u-t: 

0° 

LeaclicdA  1 /Silicone 

Resin  Repaired 

450 

79.7 

15  E/U-T6 

0° 

Lcached-Al /Silicone 

Resin  Repaired 

450 

72.7 

15  E/U  T3 

0° 

Leached- Pilyimide/Grapliiie 
Repaired 

450 

63.9 

* [.ow  strength  result  due  to  betiding  cau.sed  by  improper  loeaiion  ol  impaet  (too  close  to  specimen  odBci 
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Specimen 

Number 

Ply 

Config. 

Condition 

Test  Temp. 
(°F) 

Tensile  Strength 
(1000  psi) 

7D/B-H3 

±45°,0‘’,±45° 

As  impacted 

70 

65.1 

7 D/B-H4 

±45‘’,0‘’,±45° 

As  impacted 

70 

71.7 

16B/B-T6 

±45°,0°,±45“ 

Unleache  d- A 1 / Silicone 

Resin  Repaired 

70 

37.0* 

17  A/B-T3 

±45°,0°,±4S'’ 

Unleache  d-  A 1 / Silicone 

Resin  Repaired 

70 

57.8 

17  D/B-Tl 

±45“,0°,+45‘’ 

Unleached- A 1 /Silicone 

Resin  Repaired 

70 

71.8 

17  A/B-T2 

±45°,0°,±45° 

Leached- A 1 /Silicone 

Resin  Repaired 

70 

49.7 

17  B/B-T3 

i45°,0“,±45° 

Leached- A 1 /Silicone 

Resin  Repaired 

70 

57.3 

17C/B-T2 

±45'’,0°,±45‘’ 

Leached- A 1 / Silicone 

Resin  Repaired 

70 

38.2* 

17  B/B-Tl 

±45°,0°,±45° 

Leached-Polyimide/ 

Graphite  Repaired 

70 

67.1 

17  B/B-T2 

±45‘’,0°,±45“ 

Leached-Polyimide/ 

Graphite  Repaired 

70 

55.6 

17  C/B-T3 

±45'’,0‘’.±45‘’ 

Leached-Polyimide/ 

Graphite  Repaired 

70 

67.2 

16  A/B-T4 

±45°,0'’,±45° 

As  impacted 

450 

73.4 

16  B/B-Tl 

±45°,0“,±45‘’ 

As  impacted 

450 

63.8 

16  B/B-T2 

±45‘’,0°,±45° 

As  impacted 

450 

26.6* 

16  B/B-T5 

±45°,0°,±45“ 

As  impacted 

450 

7.4* 

16  B/B-T3 

±45“,0°,±45‘’ 

Unleached-A  1 /Silicone 

Resin  Repaired 

450 

51.4 
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TABLE  9.10-1  (Cont’d) 


Specimen 

Number 

Ply 

Config. 

Condition 

Test  Temp. 

(°F) 

Tensile  Strength 
(1000  psi) 

16C/B-T5 

±45°,0°,±45° 

Unleached-Al/Silicone 

Resin  Repaired 

450 

72.2 

16C/B-T6 

±4S°,0°,±45° 

Unleached-A  1 /Silicone 

Resin  Repaired 

450 

63.1 

16A/B-T1 

±45°,0°,±45° 

Leached-Al  /Silicone 

Resin  Repaired 

450 

67.8 

16  A/B-T2 

±45°,0°,±45° 

Leached-Al  /Silicone 

Resin  Repaired 

450 

68.3 

16  A/B-T3 

±45°,0°,±45° 

Leached-A  1 /Silicone 

Resin  Repaired 

450 

63.0 

16A/B-T5 

±45°,0°,±45° 

Leached-Polyimide/ 

Graphite  Repaired 

450 

67.1 

16  A/B-T6 

lA5°,0°,+45° 

Leached-Polyimide/ 

Graphite  Repaired 

450 

66.7 

16  B/B  T4 

±45°,0°+45° 

Leached-Polyimide/ 

Graphite  Repaired 

450 

20.1* 
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Figure  9.10-4  Typical  20-Laycr  Borsicaf^  Test  Spccintcn  .iftvr  Repair  with  Polyimidc IGraphite 
Composite 


.\I-I952 


Ma^:  4X 


70°F  450“F 

UNIDIRECTIONAL  SPECIMENS 


COMPONENT  CONFIGURATION  SPECIMENS 


Figure  9. 1 0-5 


Summary  oj  the  Effect  of  Various  Repair  Techniques  on  the  70  and  450° E 

Tensile  Strength  of  Ballistic-Impact  Danutged  50  Volume  Percent  Borsica^ 
Specimens 


9.10.3  HFF  Test  Results 

Results  of  high  frequency  fatigue  (HFF)  testing  of  impacted  and  repaired  specimens  are 
shown  in  Table  9.  lO-II.  The  as-impacted  test  results  are  from  the  service  capability  portion 
of  this  program  The  criterion  for  failure  of  the  unidirectional  and  component  configura- 
tion specimens  was  delamination  or  cracking. 

As  shown  in  Figure  9. 10-6,  the  leaching  or  drilling  of  specimens  prior  to  repair  resulted  in 
generally  shorter  HFF  lives  than  for  the  as-impacted  condition.  The  only  exception  was  the 
component  configuration  specimens  HFF  tested  at  450° F which  suffered  no  decrease  in  HFF 
capability  when  repaired  with  aluminum/silicone  resin.  As  with  the  tensile  specimens  de- 
scribed previously,  leaching  prior  to  repair  removes  excess  matrix  aluminum  and  can  result 
in  accelerated  delamination  even  after  specimen  repair.  The  drilling  out  of  damaged  matrix 
and  fibers  also  caused  rapid  specimen  delamination  during  HFF  testing. 
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TABLE  9.10-11 

HFF  TEST  RESULTS  FOR  20-LAYER  50  PERCENT  VOLUME 
RORSICAL®  SPECIMENS  BEFORE  AND  AFTER  REPAIR 


Specimen 

Number 

Ply 

Config. 

Condition 

Test 

Temp. 

(°F) 

Strain 
( M - in/ in) 

Cycles  to 
Failure 

3 D/U-H2 

0° 

As  impacted 

70 

3100 

5x10^ 

3 D/U-Hl 

0° 

As  impacted 

70 

3100 

5x10^ 

6E/U-H1 

0° 

As  impacted 

70 

3100 

5x10^ 

3 C/U-H3 

0° 

As  impacted 

70 

3100 

10^ 

3 C/U-H4 

0° 

As  impacted 

70 

3100 

10-*^ 

3 C/U-Hl 

0° 

As  impacted 

70 

3100 

10-'’ 

3C/U-H2 

0° 

As  impacted 

70 

3100 

10^ 

23  A/U-H4 

0° 

Leached-Al/ 

Silicone  Resin 
Repaired 

70 

3100 

10^ 

23  A/U-H6 

0° 

Leached-Al/ 

Silicone  Resin 
Repaired 

70 

3100 

10^ 

6 C/U-H3 

0° 

As  impacted 

450 

2100 

10^ 

3 B/U-HI 

0° 

As  impacted 

450 

2100 

5x10^ 

3 D/U-H2 

0° 

As  impacted 

450 

2100 

SxlO-'’ 

6C/UH1 

0° 

As  impacted 

450 

2100 

10^ 

6C/U-H2 

0° 

As  impacted 

450 

2100 

10^ 

6 C/U-H4 

0° 

As  impacted 

450 

2100 

3x10^ 

6 D/U-H2 

0° 

As  impacted 

450 

2100 

3x10^ 

6 D/U-H3 

0° 

As  impacted 

450 

2100 

3x10^ 
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TABLE  9.10-11  (Coin’d) 


S(>ccinien 

Number 

Ply 

Config. 

Condition 

Test 

Temp. 

(°F) 

Strain 

(M-in/in) 

Cycles  to 
Failure 

6 D/U  H4 

0° 

As  impacted 

4.S0 

2100 

4x10^ 

23  A/U-Hl 

0° 

Leached-Al/ 
Silicone  Resin 
Repaired 

450 

2100 

5x10^ 

23  A/U-H3 

0° 

Leached  A 1 / 
Silicone  Resin 
Repaired 

450 

2100 

5x10^ 

23  A/U-H5 

0° 

Leached  Al/ 
Silicone  Resin 
Repaired 

450 

2100 

5x10^ 

17  A/B-H3 

±45°.0°,+45° 

As  impacted 

70 

2700 

10^ 

17  A/B-H4 

±45°,0°,±45° 

As  impacted 

70 

2700 

10^ 

17  D/B-H2 

±45°,0°.±45° 

Leached-Al/ 
Silicone  Resin 
Repaired 

70 

2700 

2x10^ 

17  D/B-H5 

±45°.0°,±45° 

Leached-Al/ 
Silicone  Resin 
Repaired 

70 

2700 

2x10-'’ 

17  E/B-H3 

±45°,0°,±45° 

Leached-Al/ 
Silicone  Resin 
Repaired 

70 

2700 

5x10^ 

17  B/B-H2 

±45°.0°.±45° 

Drilled-Polyi- 

mide/Graphite 

Repaired 

70 

2700 

5x1  o'* 

17C/B-H4 

±45°.0°,±45° 

Drilled  Polyi- 

mide/Graphite 

Repaired 

70 

2700 

5x10^ 

4 t/B-Hl 

±45°.0°,±45° 

As  impacted 

450 

1700 

10^ 

4 E/B-H2 

±45°.0°.±45° 

As  impacted 

450 

roo 

10** 
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TABLH^.IO-U  (ContM) 


S|Kciiuon 

Numhet 

l*ly 

CiMifig. 

('oiulilioii 

I'esl 

Temp. 

("1) 

Strain 

(M-in/in) 

Cycles  to 

I'ailiire  * 

1 

4 

±45'’.0'’.t4.S'’ 

As  tiiipucti'il 

450 

I7(M) 

:xi()‘’ 

4 U/B  M4 

t4.S'’.lV’,t45° 

As  inipai'lod 

450 

I7(K) 

:xio‘’ 

7 n/B-lll 

i4.s‘\lf.t4.S‘’ 

As  iiiipactoil 

450 

1700 

.IxlO*’ 

7 l)/B-li: 

t4.‘;'’.0‘\±4.s'’ 

As  iiupacloil 

450 

1 700 

.IxlO*’ 

7(7B-IU 

t4.‘!'’,(f . i4.S'’ 

As  iMipai  toil 

450 

171H1 

•lx  10*' 

7(7BU4 

t4S'’.(l”.±45" 

As  itnpai'li'il 

450 

1 700 

4x10*’ 

7 B/B  11.1 

.t4.s".0‘’,±45'’ 

As  inipacti’il 

450 

1 700 

.1x10*’ 

7 B/B  114 

t45°,0'’.i4.S‘’ 

As  impacted 

450 

1 700 

.1x10*’ 

17  A/B-lll 

i4.s‘’.0”.±45''’ 

As  impacted 

450 

1 700 

4x10*’ 

17  a/b-h: 

±4.‘i'\(f.t45" 

As  impacled 

450 

17(H) 

4x10*’  j 

1 

17  n/B-iii 

±45“.0".±45” 

Uiileaclied-Al/ 
.Siliciuie  Kesiii 
Repaired 

450 

17(H) 

1 

.1x10*' 

1 

17  O/B-11.1 

145"  .0", ±45" 

Uiileaclied-Al/ 
Silicrme  Resin 
Repaired 

450 

17(H) 

4x10*’ 

17  1/B  ll.S 

M5".0".±45" 

I'ltleached-Al/ 
Silicoite  Resin 
Repaired 

450 

17(H) 

.)\  1 ()*’ 

1 

i 

1 

1 

1 7 l)/B  114 

14  5 ".O".  145" 

1 eaclied- A 1 / 
Silicoire  Resin 
Repaired 

4.50 

1700 

JxlO*’ 

1 1 Hill 

*4‘i".0".145" 

1 eaclied  Al/ 
Silicone  Resiii 

R«  paired 

450 

17(H) 

10*’  ' 

1 

t 

' 
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TABLE  9.10-II  (Cont’d) 


Specimen 

Number 

Ply 

Config. 

Condition 

Test 

Temp. 

ilEL 

Strain 

(iJrinlin) 

Cycles  to 
Failure 

17  E/B-H2 

145°, 0°, ±45° 

Leached-Al/ 
Silicone  Resin 
Repared 

450 

1700 

2x10^ 

17  B/B-Hl 

±45°,0°,±45° 

Drilled-Polyimide/ 
Graphite  Repaired 

450 

1700 

5x10^ 

17  C/B-H3 

±45°,0°,±45° 

Drilled-Polyimide/ 
Graphite  Repaired 

450 

1700 

5x10^ 
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UNIDIRECTIONAL  SPECIMENS  COMPONENT  CONFIGURATION  SPECIMENS 
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Figure  9. 10-6  Sumrtxary  of  the  Effect  of  Various  Repair  Techniijucs  on  the  70  and  450° V 

High-Frequency  Fatigue  Capability  of  Ballistic-Impact  Damaged  50  Volume  Per- 
cent Borsica^  Specimens 


9.10.4  Metallography 

The  fracture  surfaces  of  post-tensile  test  as-damaged  specimens  versus  damaged  and  aluminum/ 
silicone  resin  repaired  specimens  are  shown  in  Figures  9. 10-7  through  9. 10-1 1 . Examination 
of  these  fractures  revealed  that  complete  filling  with  aluminum/silicone  is  more  difficult  when 
the  damaged  material  is  leached  away.  Also  note  that  the  failures  of  the  leached  and  repaired 
samples  resulted  in  extensive  pull-out  of  the  aluminum/silicone  filler  compared  with  the 
samples  repaired  in  the  as-damaged  condition.  Ba.sed  on  ease  of  repair  and  retention  of  the 
aluminum/silicone  filter,  no  leaching  should  be  done  prior  to  repair. 
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igure  9.10-7  Typical  20-Layer  Borsicat^  Test  Specimens  After  Testing  in  the  As-Impacted 
Condition  li'ithout  Repair 
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Typical  Unidirectioml(0° ) 20-Layer  Borsica/^  Test  Specirnen  as  Refniired 
ii'itli  Aluminum/ Silicotie  (Top  Lejt ),  atul  iis  Tensile  Tested 
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,45  Repaired 


M-t9t0  Tensile  Tested  Mag:  9X 

Typical  Comporiettt  Configuration  (±45°,  0°,  ±45°),  20-Layer  Borsica^  Test 
Specimen  as  Repaired  with  Aluminum/ Silicone  (Upper  Left),  and  After  Tensile 
Test.  No  Leaching  Prior  to  Repair 
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M-1898  Tensile  Tested 


Repaired 


Tensile  Tested 


Typical  Unidirectional  (0°)  20-Layer  Borsicaf^  Test  Specimen  as  Repaired 
with  AlnminumfSilicone  and  After  Tensile  Test.  Damaged  Area  Removed  by 
Leaching  with  HCl  Prior  to  Repair 


fr,' 

>1^ 

/Is  Repaired  Mag:  4X 


Tensile  Tested 


Tensile  Tested 


Typical  Component  Configuration  ( ±45°,  0°,  ±45°),  20-Layer  Borsicaf^  Test 
Specimen  as  Repaired  uHth  Aluminum/Silicone  and  After  Tensile  Test.  Damaged 
Area  Removed  by  Leaching  with  HCl  Prior  to  Repair 
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9.10.5  Summary 

me  lollowing  tabulation  summarizes  the  results  of  the  damage  repair  evaluations. 

Repair  Results  of  Evaluation 

Most  acceptable  repair  scheme. 

Satisfactory  but  requires  leaching  or  drilling 
prior  to  repair  which  lowers  strength  and  HFF 
capability. 

Brazing  temperatures  too  high  (900° F+) 
caused  specimens  to  warp. 

Inadequate  wetting  of  composite  resulted  in 
poor  bond. 

Only  slightly  better  wetting  than  95  Zn-5  Sn 
solder;  required  ultrasonics  to  achieve  any  bond. 

Thermal  expansion  mismatch  resulted  in  crack- 
ing and  separation  at  bond. 

Thermal  expansion  mismatch  resulted  in  crack- 
ing and  bond  separation . 

The  repair  techniques  described  above  were  selected  for  investigation  primarily  for  ease  of 
repair.  Improving  strength  over  as-impacted  material  was  not  a criterion  for  satisfactory  re- 
pairs; achieving  and  maintaining  proper  airfoil  contour  for  aerodynamic  considerations  was 
the  primary  concern. 

Other  repair  methods  such  as  repressing  Borsical®  tape  into  damaged  composites  could  also 
be  employed.  However,  these  approaches  would  require  hot  pressing  facilities  which  are  not 
readily  available  in  the  field  and  were  therefore  not  evaluated.  If  service  requirements  make 
it  necessary  to  recoup  the  strength  loss  due  to  impact  damage,  then  careful  examination  of 
repressing-type  repairs  would  need  to  be  made. 


Aluminum/silicone  resin 
Polyimide  resin  and  graphite  tow 

713  Aluminum  brazing 

95  Zn-5  Sn  solder 

95  Zn-5  A1  solder 

Polyimide  resin 

Polyimide  resin  and  aluminum  filler 
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10.0  BLADE  BENCH  TESTING 

Before  beginning  engine  environmental  testing,  approximately  142  BORSIC® /aluminum 
TF30-P-9  third-stage  fan  blades  fabricated  under  this  program  were  evaluated  in  a series  of 
bench  tests.  In  the  test  program,  individual  blades  were  subjected  to  various  environmental 
and  stress  loading  conditions  typical  of  those  which  would  be  encountered  in  operating 
service. 

The  externally  applied  environmental  conditions  to  which  the  blades  were  subjected  were: 

• Salt  corrosion 

• Thermal  shock 

• Erosion 

• Foreign  object  damage  from  small,  hard  objects  such  as  gravel  and  rivets 

• Foreign  object  damage  from  massive  objects  such  as  birds  and  ice. 

The  foreign  object  damage  (FOD)  tests  were  categorized  into  small  and  massive  in  order  to 
properly  evaluate  third-stage  fan  blade  performance  under  conditions  which  they  probably 
would  encounter,  i.e.  small  object  ingestion  and  those  conditions  which  would  not  be  ex- 
pected to  occur,  i.e.  massive  object  ingestion. 

In  the  stress  tests,  the  blades  were  subjected  to  the  several  types  of  internal  static  and  dy- 
namic stresses  which  would  be  encountered  under  typical  engine  operating  conditions. 
Stress  tests  included: 

• Blade  untwist 

• Stress  survey 

• Spit-pit  burst  tests 

• Bending  fatigue 

• Combined  stress  fatigue 

Tne  object  of  the  stress  tests  was  to  generate  data  which,  when  combined  with  stress  data 
generated  in  the  engine  environment  test  program,  can  be  used  to  help  predict  blade  sur- 
vival under  engine  operating  conditions. 

10.1  SUMMARY  OF  BLADE  BENCH  TEST  RESULTS 

Results  of  the  bench  test  program  indicated  that  the  BORSIC®/aluminum  third-stage  fan 
blades  fabricated  under  tliis  program  would  survive  in  an  engine  operating  environment  but 
blade  life  could  not  be  precisely  determined.  This  aspect  of  blade  perfonnaiice  will  be  ad- 
dressed in  Engine  Environment  Testing,  Section  1 1,  of  this  document. 

10.1.1  Environmental  Testing 

The  results  of  the  series  of  environmental  tests  indicated  that  BORSK®/ aluminum  blades 
are  entirely  adequate  for  a third-stage  fan  environment  but  would  not  meet  first-stage  FOD 
requirements  where  the  blades  miglit  encounter  the  ingestion  of  massive  foreign  objects. 
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In  general,  neither  salt  corrosion  nor  a -65°F  to  +500°F  thermal  shock  adversely  affected 
the  BORSlC®/aluminum  blades.  Erosion  resistance,  with  the  nickel-cobalt  leading  edge 
FOD  protection,  was  slightly  superior  to  titanium  blades,  although  small  object  FOD  was 
slightly  inferior.  Resistance  to  massive  FOD  was  significantly  inferior  to  that  exhibited  by 
titanium  blades. 

10.1.2  Stress  Testing 

Figure  1 0. 1-1  is  a Goodman-type  diagram  constructed  from  data  generated  during  bench  stress 
testing.  It  is  so  called  because,  unlike  a true  Goodman  diagram,  it  incorporates  variable 
criteria  of  failure.  Diagrams  of  this  type,  together  with  stress  data  generated  in  engine  en- 
vironmental tests  would  be  used  to  predict  the  probability  of  blade  survival  in  an  engine  en- 
vironment. 

On  the  diagram,  point  B reflects  the  combined  stress-fatigue  test  data,while  Point  C reflects 
the  steady  stress  test  data.  Both  stress  modes  specify  separation  of  the  airfoil  from  the  root 
as  the  criterion  of  failure.  Point  A,  vibratory  test  data,  takes  an  arbitrary  five  percent  fre- 
quency loss  in  10^  cycles  as  the  failure  criterion.  Establishing  an  arbitrary  failure  criterion 
was  necessary  because  no  blades  could  be  failed  by  separation  in  pure  fatigue  tests,  while  on 
the  other  hand,  blade  frequency  degradation  could  not  be  tracked  in  the  combined  fatigue 
stress  tests  because  of  the  configuration  of  the  test  blades.  Burst  testing  induced  no  fre- 
quency loss  prior  to  separation. 

Goodman  type  diagrams  were  generated  for  blades  tested  at  both  room  temperature  and 
450°F.  The  450°F  temperature  is  the  maximum  temperature  the  blade  root  area  will  reach 
at  operating  conditions  of  Mach  No.  (Mn)  2.2,  56,000  ft.  This  was  confirmed  during  the 
engine  environment  test  program. 

Comparison  of  the  generated  diagrams  with  engine  test  stress  surveys  indicated  that  the  blades 
would  survive  the  engine  test.  The  only  operating  stresses  subsequently  encountered  outside 
the  diagram  were  engine  surge  stresses,  which  were  of  short  duration. 

Fatigue  testing  in  the  second  bending  and  first  torsional  modes  was  also  attempted,  but  in- 
herent damping  in  the  blade  structure  prevented  generating  significant  stresses  in  these  modes, 
even  with  our  larger  shake  tables.  Water  erosion  testing  was  not  conducted  because  it  is 
not  considered  to  be  a problem  with  metal-matrix  composites. 

The  results  of  spin-pit  blade  untwist  testing  confirmed  the  analytical  predictions  within 
the  limits  of  experimental  error.  A spin-pit  static  stress  survey  revealed  no  stresses  higher 
than  predicted. 

10.2  ENVIRONMENTAL  TESTS.  RESULTS,  AND  CONCLUSIONS 
10.2.1  Salt  Corrosion  Testing 

Three  blades  (S-16,  S-36,  and  S-43)  having  unfinished  root  attachments  and  incorporating 
nickel-cobalt  leading  edge  (LE)  protection  electroplated  directly  to  the  airfoils  were  sub- 
i jected  to  salt  corrosion  in  a stressed  condition  for  100-hour  periods.  Post  test  revealed 

I no  significant  degradation  of  any  of  the  three  blades  and  indicated  that  BORS1C®-6061 

I aluminum  alloy  blades  are  not  subject  to  salt-stress  corrosion  either  at  elevated  temperature 

or  humid  conditions. 
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10.2.1.1  Elevated  Temperature  Testing 

Blade  S-16  was  mechanically  prestressed  to  60,000  psi  and  then  soaked  at  500°F  for  100 
hours  with  a salt  solution  applied  directly  to  the  blade  surfaces.  Figure  10.2-1  shows  the 
post-test  condition  of  the  blade.  Nondestructive  inspection  and  visual  examination  showed 
no  evidence  of  significant  salt  corrosion.  High  frequency  fatigue  testing  was  not  feasible  for 
this  blade  because  the  bending  stress/temperature/time  cycle  produced  a permanent/set  in 
the  blade. 

10.2.1.2  Humid  Environment  Testing 

Blade  S-36  was  prestressed  to  60,000  psi  maximum  by  deflecting  the  tip  0.78  inch  in  a 
bend  fixture.  The  blade  was  then  exposed  to  a humid  salt  spray  at  90'’F  for  100  hours. 
Figure  10.2-2  depicts  the  post-test  condition  of  the  blade.  Blade  S-43  was  similarly  tested, 
except  that  it  was  prestressed  to  15,000  psi  by  deflecting  the  tip  0.2  inch.  Following  the 
corrosion  testing,  both  blades  were  examined  visually  and  non-destructively.  No  significant 
degradation  was  discernible. 

The  effects  of  the  tests  on  blade  natural  frequency  are  presented  in  Table  10.2-1.  The  minor 
variations  in  pre-and  post-test  natural  frequencies  in  the  first  bending  and  first  torsional 
modes  are  considered  to  be  within  the  limits  of  errors  due  to  accuracy  of  measurement.  The 
frequency  losses  in  the  second  bending  mode,  although  apparently  real,  are  of  insignificant 
magnitude. 


TABLE  10.2-1 

EFFECT  OF  lOO-HOUR  HUMID  SALT  CORROSION  ON  NATURAL  FREQUENCIES  OF 
BORSIC®/ ALUMINUM  BLADES  S-36  AND  S43 


Blade 

Mode 

Pre-  Test  Natural 
Frequency  (Hz) 

Post-test  Natural 
Frequency  (Hz) 

% Loss 

S-36 

Ist  Bending 

131 

131 

... 

2nd  Bending 

426 

420 

1.4 

1st  Torsion 

884 

895 

... 

S43 

1st  Bending 

130 

128 

1.5 

2nd  Bending 

425 

418 

1.6 

1st  Torsion 

868 

864 

0,5 

Both  blades  were  then  high  frequency  fatigue  (HFF)  tested  in  the  first  bending  mode  at  a 
temperature  of  450°F  and  stressed  to  ±1 5,000  psi.  After  10^  cycles,  blade  S-36  exhibited 
a first  bending  frequency  loss  of  3.5  percent  and  2.0  percent  when  measured  at  room  tem- 
perature and  450° F,  respectively.  Blade  S-43  exhibited  similar  frequency  losses  of  3.2  and 
2.7  percent  when  measured  at  the  same  temperatures.  These  slight  frequency  losses  compai 
well  to  frequency  losses  suffered  by  composite  blades  not  subjected  to  salt  corrosion  tests. 
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10.2.2  Thermal  Shock 

Five  blades  (S-3,  S-20,  E-24,  S-40,  and  S-46)  were  subjected  to  thermal  shock  and  then 
fatigue  tested  to  determine  the  effect,  if  any,  on  the  blades.  The  three  main  areas  of  con- 
cern were  the  BORSICAL®  composite  material,  the  nickel-cobalt  leading  edge  bond,  and 
the  titanium  root  pad  bond. 

The  thermal  shock  was  administered  by  immersing  the  blade  in  a -()5°F  fluidized  bed  for 
two  minutes,  removing  it  and  immediately  immersing  it  in  a +500‘’F  fluidized  bed  for  two 
minutes.  This  cycle  was  repeated  2000  times  on  four  of  the  blades  and  2450  times  on  the 
remaining  one.  To  test  the  leading  edge  bond  and  the  BORSIC®  material  the  airfoil  section 
of  the  blade  was  immersed.  To  test  the  titanium  root  bond,  the  root  area  was  immersed. 
Figure  10.2-3  shows  the  fluidized  beds  used. 

Results  of  the  tests  indicated  that,  although  there  was  a slight  decrease  in  natural  frequency, 
composite  blade  structural  integrity  was  not  degraded. 

10.2.2. 1 Composite  Material/Leading  Edge  Testing 


The  airfoil  section  of  three  blades.S-3,  S-20,  and  S-40,  were  subjected  to  2000  cycles  each  of 
-65°F  to  +500°F  thermal  shock.  The  results  indicated  that; 

• No  delamination  or  change  in  the  composite  material  density  was  observed. 

• No  degradation  of  the  bond  between  the  electroplated  nickel-cobalt  LE  and  the 
composite  material  airfoil  occurred. 

• Some  cracking  of  the  nickel-cobalt  LE  occurred.  This,  however,  was  associated 
with  LE  pits  which  were  subsequently  eliminated,  or  with  the  root  end  of  the 
LE  plate  where  thin  areas  of  plating  existed.  The  LE  pits  are  shown  in  Figure 
10.2-4. 

• Subsequent  HFF  testing  at  450°F  indicated  that  the  thennal  fatigue  testing  had 
no  effect  on  the  rate  of  decay  of  the  blade  natural  trequency  in  10'  cycles. 

10.2.2.2  Titanium  Root  Bond  Testing 


The  root  of  blade  E-24  was  subjected  to  2540  cycles  of  -65°F  thermal  shock.  Nondestruc- 
tive inspection  and  density  checks  showed  that  the  blade  suftered  no  degradation. 

After  the  thermal  shock,  blade  E-24  was  subjected  to  live  proof  spin  cycles  to  1 2.1 50  rpm. 

It  was  then  deliberately  run  to  destruction  and  burst  at  13,886  rimi.  Tlus  burst  speed  is 
comparable  to  tliat  of  blades  which  weren’t  thennal  cycled  and  indicates  that  thennal  cycling 
does  not  significantly  affect  BORSIC®  composite  tensile  strength  or  root  bond  shear 
strength. 

Blade  S-46  was  subjected  to  2000  cycles  of  -65°F  to  +500°F  and  showed  no  signs  of  deg- 
ladation.  It  was  then  HFF  tested.  The  pre-test  and  post-test  results  of  HFF  testing  arc 
presented  in  Table  10.2-11.  The  slight  frequency  degradation  noted  is  well  within  design 
limits. 


162 


TABLE  10.2-11 

EFFECT  OF  2000  THERMAL  CYCLES  (-65°F  to  SOOO°F)  ON  NATURAL  FREQUENCY 
DEGRADATION  OF  BORSIC®/ ALUMINUM  BLADE  S-46 


Mode 

Pre-HFF  Natural  . 
Frequency  (Hz) 

Post-HFF  Natural 
Frequency  (Hz) 

% Loss 

1st  Bending 

132 

131 

0.8 

2nd  Bending 

432 

419 

3.0 

1st  Torsion 

885 

854 

3.5 

10.2.3  Erosion  Testing 

Six  blades  (S-14,  S-28,  S-51,  S-bO,  D-17,  D-20),  all  incorporating  nickel-cobalt  leading  edge 
protection,  were  exposed  to  sand  erosion  tests.  Static  tests  were  performed  at  both  room 
temperatures  and  450° F.  The  sand  used  for  all  tests  conformed  to  M1L-E-5007C  specifica- 
tion.  Control  blades  of  bill  of  material  (B/M)  titanium  alloy  were  tested  with  the  BORSICAL® 
blades  to  provide  baseline  data. 

Results  of  the  tests  indicated  that; 


• No  effects  detrimental  to  the  basic  structural  integrity  of  the  blades  were  observed 

• Surface  matrix  material  on  the  unprotected  portion  of  the  airfoil  eroded  rapidly 
but  as  the  fibers  became  exposed,  the  erosion  rate  diminished  rapidly 

• A precise  weight  loss  split  between  the  nickel  cobalt  leading  edge  and  the  rest  of 
the  blade  was  virtually  impossible  to  determine.  Consequently,  total  blade  loss 
only  was  measured 

• None  of  the  tests  achieved  the  desired  impingement  pattern.  Figure  10.2-5  shows 
the  condition  of  blade  D-17  after  the  dynamic  erosion  test.  Tire  anticipated  ser- 
vice-induced pattern  would  correspond  closely  to  the  shape  of  the  leading  edge 
sheath  on  the  pressure  side  of  the  blade 

• Although  results  were  somewhat  obscured  by  the  unexpected  sand  impingement 
patterns  achieved,  it  is  evident  that  the  harder  nickel-cobalt  provided  excellent 
sand  erosion  protection  and  can  be  interpreted  as  being  superior  to  that  provided 
by  titanium  alloys. 

• It  would  be  desirable  to  perform  an  erosion  test  with  the  nickel-cobalt  leading 
edge  protection  in  an  engine  environment  in  order  to  achieve  more  realistic  erosion 
patterns. 
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10.2.3.1  Room  IVmpcratua'  Static  Testing 

Tlic  test  rig  shown  in  Figure  10.2-6  was  used  for  static  testing.  In  this  rig,  the  test  blade  was 
mounted  in  the  test  chamber  at  the  desired  angle  of  attack.  Pressurized  air  picked  up  erosive 
material  which  impinged  against  the  blade. 

Tlie  initial  tests  wem  performed  on  blades  S-14  and  S-28,  as  well  as  base  line  tests  on  titanium 
B/M  blades  in  each  case.  Blade  S-14  and  its  base  line  blade  were  eroded  with  100  pounds  of 
sand  at  a rate  of  3 Ib/min.  The  blades  experienced  similar  weight  losses.  Blade  S-28  and  its 
base  line  blades  were  eroded  with  360  pounds  of  sand  at  a rate  of  1 Ib/min.  In  this  test,  the 
weight  loss  of  the  titanium  blade  was  70  percent  higher  than  that  of  the  composite  blade. 
Figure  10.2-7  shows  both  composite  blades  after  test. 

Blade  S-14  was  then  subjected  to  HFF  testing.  The  results  indicated  that  the  erosion  damage 
had  no  significant  effect  on  the  rate  of  decay  of  the  blade  natural  frequency  in  the  first  bend- 
ing mode. 

Analysis  of  blade  S-28  indicated  that  more  than  ‘JO  percent  of  its  weight  loss  was  from  the 
composite  material,  not  the  nickel-coball  leading  edge.  As  a result,  the  leading  edge  protec- 
tion was  redesigned  to  cover  a greater  portion  of  the  composite  surface  as  shown  in  Figure 
10.2-8.  Tliis  new  configuration  extended  back  to  one-third  chord  at  the  tip,  and  conforms 
to  erosion  patterns  experienced  on  service  blades. 

10.2.3.2  Flevated  Temperature  Static  Testing 

Two  blades.  .S-.S  1 and  S-60.  were  subjected  to  sand  erosion  at  450°F  in  the  static  test  rig.  To 
provide  the  elevated  temperatures,  the  entering  air  is  mixed  with  fuel  and  ignited  before 
picking  up  the  sand.  Clas  velocity  as  high  as  Mach  No.  1 .0  is  attainable  upstream  of  the  test 
chamber.  Both  blades  had  the  original  leading  edge  configuration,  and  were  subjected  to 
100  pounds  of  sand  at  a feed  rate  of  0.1  Ib/min.  Total  weiglit  loss  of  the  composite  blade 
was  le.ss  than  1 percent  1 1 .8  gm).  but  was  greater  than  that  of  tlie  base  line  titanium  blade. 

Ihe  post-test  condition  of  one  set  of  blades  is  shown  in  Figure  10.2-^. 

10.2.3.3  Dynamic  Erosion  Testing 

Dynamic  sand  erosion  of  two  composite  blades,  D-1  7 and  D-20,  and  one  base  line  titanium 
blade  was  performed  in  a spin  pit  at  room  temperature.  The  three  blades  were  individually 
brought  up  to  10,360  rpm  and  impacted  with  75  grams  of  sand.  Tire  weight  loss  of  the 
composite  blades  was  twice  that  of  the  titanium  blade;  but,  most  of  the  eroded  material  was 
the  aluminum  matrix.  The  visual  appearance  of  the  nickel-cobalt  leading  edge  was  excellent. 
The  composite  blades  incorporated  the  redesigned  leading  edge. 

10.2.4  Foreign  Object  Damage  (Small  Objects) 

Although  the  third-stage  fan  blade  of  the  TF30-P-9  engine  is  not  anticipated  to  encounter 
massive  foreign  objects  such  as  ice  or  birds,  small  hard  objects  such  ;is  gravel  or  rivets  can  be 
expected  to  penetrate  to  the  third  stage. 
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111  order  to  evaluate  the  resistauee  of  the  I'l’.H)  third-stage  composite  fan  blades  to  this  ty|>e 
of  I'On,  both  static  and  dynamic  testing  was  performed  using  .^O-caliber  bullets,  0.25  inch 
gravel,  and  0.5  gram  steel  rivets  as  the  foreign  objects. 

Results  of  the  tests  indicated  that: 

I 

• Hie  ilamage  caused  by  small,  hard  objects  impacting  at  high  veliKity  will  cause  ' 

Iwal  damage  ranging  from  moderate  to  .severe,  but  will  not  degrade  the  basic  t 

structural  integrity  of  the  blade. 

• lire  nickel-cobalt  leading  edge  is  effective  in  minimizing  small  object  l‘Ol>  damage. 

• Hie  nickel-cobalt  leading  edge  is  extremely  tough  and  adherent  and  exhibits  no 
tendency  to  crack  or  peel  off  the  compasite  airfoil. 

• burther  improvement  is  required  in  the  composite  blade  structure  to  make  it  equal 
to  titanitun  blades  iu  I’OO  resistance  to  massive  objects. 

• Use  composite  blades  fabricated  under  this  program  and  having  nickel-cobalt 
leading  edge  protection  will  survive  a tlight  evaluation  program  without  uiulur 
risk  of  catastrophic  failure  due  to  l-OD. 

10.2.4.1  Static  Ballistic  Impact  Tests 

llie  test  rig,  shown  in  I'igure  10.2-10  was  used  to  impact  five  blades  with  .^O-calilx'r,  1 10 
grain  steel  projectiles  traveling  at  1300  - 1500  ft. /sec.  Figure  10.2-1  1 shows  the  live  blades 
tested  and  the  results.  Blade  configurations  included: 

llnprotected  BORSK'^/ahmniuun  blade,  , 

IU)RSR'®/aliiiniiiniit  blade  with  hard  nickel  leading  edge  protection, 

BORSl(.'®/aluminum  blade  with  nickel-coball  leading  edge  protection. 

Bill  of  Material  titanium  blade 

IK)RSIl'®/aluniimiiu  blade  with  boron-carbide  leading  edge  protection  at  the  tip  only. 

F'ach  blade  was  impacted  at  incidence  angles  of  Tip  O”,  Midspan  — 15'*,  Root  40  . 

Damage  was  seven.-  in  all  cases,  but  apparently  completely  localized.  Dtere  was  no  tendency 
of  the  leading  edge  to  peel  off.  Post-test  X-ray  and  ultrasonic  inspection  confirmed  that  only 
localized  damage  was  sustained. 

Two  of  these  blades,  S-1  and  S-4,  were  subsequently  subjected  to  10^  HFF  cycles  with  a total 
tip  amplitude  of  0.4  inch  at  450°F'.  Blade  S-l  had  a nickel-plated  IF  and  blade  S-4  had  no 
I F'  protection.  Die  fatigue  testing  indicated  that  the  leading  edge  damage  had  no  adverse 
effect  on  the  ilecay  rate  of  the  blade  natural  frequency  in  first  bending. 
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10.2.4.2  Dynamic  Te.st-s 

1 wo  scric.s  of  FOD  tests  were  performed  in  a spin  pit  facility,  one  using  0.25  inch  gravel  and 
the  other  0.5  gram  steel  rivets.  I'ignm  10.2-1 2 shows  the  test  facility.  Tliese  tests  duplicated 
the  rotating  speed  ( 10,3<i0  rpm)  and  blade  stiffening  effects  that  occur  in  an  engine  environ- 
ment. Blade  tip  speed  in  all  of  these  tests  was  approximately  1 500  ft/.sec.  In  all  ca.ses,  B/M  , 

titanium  alloy  blades  were  tested  one-for-one  with  the  composite  blades  to  provide  baseline 
data.  Videotape  was  used  for  all  tests  to  re'cord  and  verify  adequate  impact  events  and  to  ob- 
serve blade  reaction. 

llie  first  series  of  tests  used  0.25  inch  quartz  gravel  as  the  impacting  medium.  Two  composite 
blades  with  niekel-cobalt  leading  edges,  and  two  B/M  titanium  alloy  blades,  rotating  at  the 
speed  of  10,3b0  rpm,  were  each  impacted  with  66  pieces  of  gravel.  As  shown  in  Figua-s 
10,2-13  and  10.2-14,  the  composite  blades  and  the  titanium  blades  suffered  moderate 
leading-edge  damage.  Although  the  total  amount  of  material  damaged  on  the  composite 
blades  was  approximately  25  percent  greater  than  that  on  the  titanium  blades,  none  of  the 

nicks  exceeded  blend  limits.  j 

i 

Figures  10. 2- 13  and  -14  show  that  the  unprotected  portion  of  the  composite  blade  leading 
edge  near  the  root  suffered  severe  damage  in  these  tests,  even  though  the  impact  velocity  is 
relatively  low  in  this  region.  Tlus  emphasizes  the  efficiency  and  the  nece.ssity  of  the  nickel- 
cobalt  leading  edge.  In  an  engine  environment.however,  foreign  objects  tend  to  be  forced 
radially  toward  the  blade  tips.  This  fact  tends  to  reduce  the  importance  of  the  root  area 
ilamage  sustained  when  evaluating  re.sults. 

No  tendency  of  the  leading  edge  to  peel  off  the  blade  was  observed  in  the.se  tests. 

Die  second  .series  of  tests  was  identical  to  the  first,  except  that  0.5  gram  steel  rivets  replaced 
the  gravel  as  the  impacting  medium. 

Ptese  rivets  are  representative  of  the  type  of  engine  hardware  which  might  Iv  encounteix'd 
in  future  service  applications. 

Fach  blade  was  subjected  to  approximately  23  rivet  strikes  at  10,360  rpm.  Pie  results  are 
shown  in  Figures  10.2-15  and  10.2-16.  Leading  edge  damage  was  .severe  for  both  the  eom- 
posite  and  the  titanium  blades  with  the  amount  of  damaged  or  lost  material  in  the  composite 
blade  estimated  to  be  twice  that  of  the  titanium  blades.  Blend  limits  were  exceeded  in  the 
composite  blades,  but  again  there  was  no  tendency  for  the  leading  edge  to  peel  off. 

10,2.5  Foreign  Object  Damage  (Massive  Objects) 

Dynamic  testing  was  conducted  on  TF30-P-‘>  third-stage  advanced  composite  fan  blades  to 
evaluate  their  F'OD  performance  in  an  engine  finit-stage  environment.  Piese  tests  were  con- 
ducted in  the  spin  pit  test  facility  shown  in  Figure  10.2-12.  llie  tests  consisted  of  impelling 
one-inch  ice  balls,  tlmre  ounce  birds,  or  six  ounce  gelatin  "birds”  against  the  fan  blades.  Ilie 
fan  blades  were  rotating  at  10,360  rpm  with  an  equivalent  blade  tip  speed  of  approximately 
1 500  ft/sec.  riie  impingement  angle  of  the  impacting  objects  was  similar  to  that  which 
exists  in  an  engine  environment. 
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Tcst  results  indicated  that: 

• Wliile  the  nickel-cobalt  leading  edge  did  not  prevent  damage  to  the  blades,  neither 
did  it  exhibit  the  undesirable  characteristic  of  breaking  up  or  peeling  off  and 
thereby  becoming  a source  of  secondary  damage. 

• No  root  damage  was  observed. 

• In  order  to  jx'rform  well  in  a first-stage  FOD  environment,  the  impact  resistance 
of  the  composite  structua'  must  be  increased.  Possible  methods  of  achieving  this 
increase  are  by  using  improved  fiber,  matrix  material,  and/or  reorienting  the  fibers. 

10.2.5.1  Ice  Ball  Tests 

Two  composite  blades,  F:-21b  and  H-227,  and  two  B/M  titanium  blades  were  impacted  with 
one-inch  diameter,  tempered  ice  balls.  Tlie  ice  balls  wea'  tempered  by  tree/.ing  them  at  sub- 
zero temperatua's,  then  holding  them  at  .50°  F for  several  hours. 

Blade  F.-2U>  was  impacted  with  a single  ice  ball  and  sustained  the  fracture  damage  shown  in 
Figiia*  10.2-17.  Tlie  fracture  boundary  followed  the  ±45'^  orientation  of  the  surface  fibers. 

Blade  F-227  was  similarly  tested  but  absorbed  tha'c  impacts  before  sustaining  the  damage 
.shown  in  Figure  10.2-18.  Both  of  these  blades  had  a leading  edge  maximum  radius  of  .013 
inch,  which  was  the  design  requirement.  The  effect  of  the  leadiirgedge  thickness  on  FOD 
resistance  can  be  seen  in  Figure  10.2-Df  The  blade  on  the  right  had  a leading  edge  radius 
of  .025  inch  and  sustained  six  one-inch  ice  ball  impacts  with  no  damage  other  than  a slight 
dent  in  the  leading  edge. 

The  two  titanium  iilloy  blades,  similarly  tested  to  obtain  base  line  data,  exhibited  only  slight 
dents  in  the  leading  edge  after  sustaining  impacts  from  five  ice  balls. 

10.2.5.2  Starling  Tests 

Two  composite  blades.  F:-44  and  F.-228,  were  impacted  with  3.25  ounce  starlings.  High- 
speed movies  were  taken  of  the.se  tests  which  were  conducted  using  the  test  rig  shown  in 
Figure  10.2-20.  Tire  movies  .showed  that  the  birds  had  insufficient  acceleration  to  penetrate 
far  enough  into  the  blade  path  so  that  “bites”  of  appreciable  size  could  be  taken.  C'on.seq- 
uently  many  small  bites  were  taken  from  each  bird  and  no  blade  damage  resulted.  To  ach- 
ieve valid  results  the  acceleration  of  the  birds  would  have  to  be  increased. 

10.2.5.3  “Jelly”  Bird  Tests 

In  the  final,  ma.s.sive  FOD  test,  a spherieal  gelatine  ball,  approximately  three  inches  in  dia- 
meter was  impelled  against  blade  F.-243.  Tlie  ball  weighed  six  ounces  and  had  a density  of 
1.12  gm/cc.  Two  impacts  occurred  and  removed  1.5  ounces  from  the  ball.  A piece  of  the 
blade  leading  edge  was  broken  out.  Figure  10.2-21  shows  the  damage  sustained.  Tlic  tit- 
anium blade  tested  under  the  same  conditions  sustained  a slight  dent  on  the  leading  edge. 
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10.3  STRESS  TESTING.  RESULTS.  AND  CONCLUSIONS 
10.3.1  Untwist 

Because  the  TF30-P-y  third-stage  BORSlC®/aluminum  fan  blades  designed  and  fabricated 
under  this  program  had  no  part-span  shrouds,  they  would  exhibit  a greater  untwist  at  high 
rotating  speeds  than  the  titanium  alloy  B/M  blades.  The  added  untwist  was  calculated  to  be 
approximately  one  degree  at  the  design  speed.  Tlie  analysis  indicated  that  the  total  untwist 

I of  the  blade  would  be  2.14  degrees  at  450°F.  The  total  untwist  consists  of  two  components, 

elastic  untwist  and  plastic  untwist  (primary  creep).  Because  the  angle  of  attack  of  the  blade 
leading  edge  significantly  affects  the  blade  aerodynamic  performance,  theoretical  blade  twist 
had  to  be  verified  empirically.  Deviation  from  the  predicted  value,  upon  which  the  aero- 
dynamic performance  was  calculated,  can  then  be  compensated  for  by  altering  tlie  broach 
angle  of  the  disk  slots  if  necessary. 

I 

10.3.1.1  Untwist  Test 

Tlie  spin-pit  test  rig  shown  in  Figure  10.3-1  was  used  to  conduct  the  tests  to  detennine  blade 
untwist  at  engine  operating  conditions.  To  detennine  the  untwist,  two  proximity  probes 
were  mounted  just  outboard  of  the  blade  tip.  One  probe  was  mounted  directly  opposite  the 
tip  leading  edge  and  the  other  directly  opposite  the  tip  trailing  edge  as  shown  in  Figure  10.3-2. 

I In  operation,  as  the  blade  rotates  past  the  probes,  each  probe  transmits  a signal  to  an  oscil- 

I loscope-camera  read-out  system.  Tlie  time  gap  between  the  signals  is  calibrated  in  inilli- 

! seconds  and  varies  with  the  rpm  and  blade  angle  of  attack  (a).  As  the  speed  increases,  iJie 

blade  untwists  thereby  increasing  a and  decreasing  the  time  gap.  Knowing  the  blade  chord, 

I speed,  and  original  a,  the  difference  in  the  time  gaps  at  two  different  speeds  pennits  com- 

i puting  the  change  in  a.  Readings  were  taken  during  both  acceleration  and  deceleration  at 

room  temperature  and  450“F. 

Tlie  first  two  blades  developed  under  this  program,  D-1  and  D-2,  were  selected  for  this  test. 

In  their  fabrication, both  blades  underwent  a faulty  processing  procedure  which  was  sub- 
sequently corrected  during  the  development  program.  Blade  D-1  failed  during  the  450‘’F 
test  because  of  the  processing  procedure.  Blade  D-2,  however,  successfully  completed  the 
test. 

For  the  test,  blade  D-2  was  instramented  at  the  root,  midspan,  and  tip  with  thermocouples. 
The  blade  was  run  through  the  speed  range  and  incremental  readings  were  taken  at  4000, 

! bOOO,  8000,  9000,  and  10,360  rpm.  Readings  were  taken  both  during  acceleration  and  de- 

i celeration  and  at  room  temperature  and  450°F. 

A minimum  of  four  photographs  was  taken  at  each  test  point  to  minimize  system  inaccura- 
> cies. 

Tlie  results  of  the  test,  shown  in  Figure  10.3-3,  indicate  a total  untwist  at  450°F  of  two 
degrees  ±0.5  degree.  The  experimental  accuracy  of  these  results  is  considered  to  be  ±0.5 
degrees. 
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Becuuse  the  test  results  agree  closely  with  analytical  design  predictions, the  disk  slots  were 
broached  at  the  original  design  angle  of  17°  30’. 

10.3.2  Static  Stress  Survey 

Maximum  static  stresses  occur  in  the  airfoil  at  its  junction  with  the  platform,  and  are  made 
up  of  centrifugal  iP/A),  restrained  warping,  and  gas  bending  stresses.  Their  predicted  magni- 
tude at  peak  stress  locations  in  the  most  severe  flight  conditions  is  presented  in  Table  10.3-1. 

In  order  to  confirm  these  stress  levels,  and  their  chordwise  distribution,  a static  stress  survey 
was  performed  on  two  blades  in  a vacuum  spin  pit  at  rotating  speeds  up  to  12,1 50  rpm.  Be- 
cause of  the  vacuum  environment  of  the  spin  pit,  gas  bending  stresses  were  not  present.  Tilt 
stresses  were  also  eliminated  by  compensating  for  airfoil  tilt  in  the  disk  .slot.  Thus,  only  the 
P/ A and  restrained  warping  stresses  which  compose  at  least  84  percent  of  the  major  stress 
peaks  were  induced. 

TABLE  10.3-1 

MAXIMUM  AIRFOIL  STATIC  STRESS  (psi) 

Conditions:  Mach  No.  1.2,  Sea  Level,  Max  .Afterburner,  Fan  Speed  10,355  rpm 

Core  (0°  fiber  orientation  Shell  (±45°  fiber  orientation 


% Chord  (CV) 

Leading  Edge 

P/A 

32,170 

18,000 

Restrained  Warping 

21,000 

24,500 

Tilt  and  Gas  Bending 

2,406 

1,410 

Total 

.55,576 

43.‘)10* 

Conditions: 

Min.  Gas  Load,  Fan  Speed  = 10,350  rpm 

16  Chord  (CV) 

Leading  Edge 

P/A 

32,170 

18,000 

Restrained  Warping 

21,000 

19,450 

Tilt  and  Gas  Bending 

7.070 

6,920 

Total 

60,240 

44,370* 

* Balanced  Stresses 

The  data  compiled  during  the  stress  survey  indicates  that  the  BORSIC®/aluminum  blade 
design  developed  in  this  program  has  ample  capability  to  withstand  P/ A and  restrained  wari>- 
ing  stresses  up  to  10.350  rpm  and  that  the  predicted  stre.s.ses  were  on  the  conservative  (highl  side. 

10.3.2.1  Static  Strcs.s  .Survey  - Test  One 

Tlie  first  test  was  conducted  on  blade  F-23.  which  was  instrumented  with  fourteen  0. 125 
inch  grid  static  strain  gages  Hie  gages  were  radially  aligned  and  positioned  at  the  locations 
shown  in  Figure  10.3-4.  All  pages  were  located  on  the  airfoil  directly  adjacent  to  the  platform. 
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Room  loiupcrature  strain  levels  were  reeonleil  both  iliirinn  aeeeleration  aiiil  ileceleratioii  at 
speeils  I'f  1000.  4000.  (>000.  SOOO.  10.000.  1 1 .000  and  1 2. 1 50  rpin.  Hte  data  indieated 
excellent  strain  sage  linearity  through  10.000  rpm.  but  above  this  speed  tlie  gage  output  was 
nonlinear.  Hie  nonlinearity  was  pa'suined  due  to  plastic  detorination  (Blade  1-23  was  not 
stress  relieved  by  the  StXfl-  heat  treat  during  tabrication,  which  might  account  for  the  de- 
loniiatioii.t  .Ml  gages  except  one  perlormed  satisfactorily  during  the  test. 

I'igum  10.3-5  is  a plot  of  the  reduced  data  for  the  10.000  rpm  data  point  as  well  as  the  ana- 
1>  tically  predicted  1’  and  restrained  warping  stmsses  for  the  same  rpm.  Iliis  com(>arison 
shows  that  the  actual  leading  edge  stress  peak  did  not  develop  as  analytically  pa'dicted. 

10.3.2.2  .Static  Stress  Survey  lest  Two 

llie  second  sta'ss  survey  test  was  conducted  using  blade  l'-‘)2.  In  this  test  the  bhule  was  in- 
siruiiiented  with  IS  strain  gages  adjacent  to  the  platform  plus  six  g.igesjii  the  platform  aa‘a. 
Hie  gages  were  0.0(>25  inch  grid  and  lixated  as  shown  in  I'igures  I0.3-(>  and  -2.  figure  10.3-S 
shows  the  blade  and  disk  combination  with  instrumentation  completed. 

Ib.e  test  procedua'  was  identical  to  that  used  for  blade  l'-23  in  the  first  test.  .\ll  IS  airfoil 
gages  showed  excellent  linearity  throughout  the  speed  range.  However,  the  (>  platform  g.iges 
jvrfonned  nonlinearly.  Consequently, their  data  is  suspect  and  not  included  m this  document. 

f igure  10.3-‘>  presents  the  reduced  data  from  the  airfoil  gages  at  10.000  rpm  as  well  .is  the 
analytical  prediction  for  the  same  speed  for  comparison.  I'hese  data  aiv  in  close  agreement 
with  the  data  obtained  on  Blade  f-23.  (figure  10.3-5V  In  both  surveys,  the  severe  le.idmg 
edge  stress  peak  pivdicted  did  not  develop.  Although  the  peak  stresses  weie  lower  than  piv- 
dicted.  the  average  stress  was  very  close  to  the  analytical  value. 

10.3.3  Spin-Pit  Burst  Testing 

.Mtliough  spin-proof-testing  to  1 15  percent  design  speed  (12.150  rpm)  was  included  as  a re- 
quirement in  Item  5c.  Phase  1 of  the  contract  work  statement,  blade  burst  testing  was  not  a 
s|>ecific  contract  stipulation.  However,  since  several  early  blades  failed  at  speeds  below  the 
required  I 15  percent  proof  capability,  burst  speed  margin  became  of  great  concern.  Conse- 
quently, once  the  blade  residual  stress  problem  was  resolved  (see  below),  several  deliberate 
burst  tests  were  performed  (with  no  change  to  the  contract)  to  firmly  establish  blade  burst 
margin. 

Blade  R-10.  an  early  development  blade,  was  spin  tested  to  the  schedule  pa'sented  in 
lable  10.3-H. 

« ' 

TABLE  10.3-U 
BLADE  R-10  SPIN  TEST 


Type  of 

Speed 

Temperature 

Test 

(rpni) 

("F) 

Time 

f'luliiraiicc 

‘».(KX) 

4. SO 

50  Itnii  s 

f ndiitaiico 

10.3(>0 

375 

10  lioiiis 

1 ow  Cycle  f'aligiie 

4,(KX)-‘>.(XX) 

450 

ItXXI  cycle: 

1 ow  Cycle  fatigue 

4.(XX>lt),3(>0 

3(X) 

:(XX1  cycle; 

(Kcisjx'ed 

1 1 .400 

350 

1 5 seconds 

170 


1 

I 


r 
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As  shown  in  Figure  10. .MO,  the  bhule  survived  this  engine  oriented  test  in  excellent  condi- 
tion It  was  considered  to  he  tully  acceptable  from  a static  stress  standpoint  for  engine 
I testing.  It  was  also  concluded  that  the  fabrication  processes  were  satisfactory  and  capable 

of  ptv'ducing  high  ipiality  blades. 

j Subseipiently , however,  more  than  27  pea'ent  of  the  early  “F  " series  (engine  test  blades) 

spin  proof-tested  failed.  One  failure  was  at  a speed  of  10,782  rpm.  Figure  10.3-1 1 shows 
the  failutv  mode  exhibited,  llie  failures  weie  traced  to  residual  stresses  induced  in  the 
fibers  during  the  diffusion  bonding  process.  I’hese  stres.ses  were  rt'lieved  and  the  pn^blein 
* solved  by  intriHlucing  an  800'’F'  three-hour  heat  treat  cycle  in  the  fabrication  process  (st'e 

para.  7,2.1  1 ).  No  further  blade  failures  occurred  during  spin  proof-testing  to  1 2,1 50  rpm. 

’ A further  direct  result  of  these  failures  was  initiating  spin-pit  burst  tests  into  the  test  prw 

gram.  In  these  tests,  the  rotational  speed  is  gradually  increased  until  the  test  blade  fails. 

Ill  addition  to  conducting  burst  tests  at  rwm  temperature,  a burst  test  at  450°  and  a low 
^ cycle  fatigue  burst  test  at  room  temperature  were  also  conducted. 

10. 3, .3. 1 Room  rempeniture  Burst  Test 

I 

Spin-pit  burst  testing  of  3 1 blades  that  were  stress  relieved  by  heat  treating  resulted  in 
burst  speeds  ntnging  from  1 3,772  rpm  to  speeds  in  excess  of  1 5,553  rfun.  Because  of  the 
heat  treat  the  minimum  burst  speed  was  increased  frtmi  10,782  rjim  to  13,772  rpm  or  28 
IX'tvent.  Table  10.3-111  summarizes  the  results  of  these  tests. 
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TABLE  10.3-III 

BURST  PERFORMANCE  OF  STRESS  REUEVED  BLADES 
AT  ROOM  TEMPERATURE 


Heat  Treat 

Burst  Speed 

Heat  Treat 

Burst  Speed 

Blade 

Cycle 

(rpm) 

Blade 

Cyde 

(ipm) 

E-7: 

B-5 

No  Burst 

E-l  24 

B-b 

15.553* 

t-*'  15.500 

F-75 

B-5 

15.448 

E-'il 

B-b 

15.551H 

F-71 

B-« 

15.338 

E-152** 

B-b 

15.522+ 

t-oh 

B3 

15.270 

E-84 

B-b 

15.114 

F-77 

B-5 

15.230 

E-142 

B-b 

15.014 

E-07 

B3 

I5„’l0 

E-112 

B-b 

14.435 

F-IDO* 

B-0 

15.137 

h'-07 

B-b 

I4.b42 

E-l  35 

B-o 

15.100 

E-108 

B-b 

I4.bll 

E-70 

B3 

14.883 

E-l  22 

B-b 

14.541 

E-l  73 

B-6 

14.850 

E-l  lb 

B-b 

14.453 

E-l  17 

^ S/R  Cycles 

14.740 

E-151 

B-b 

14.181 

E-t)^ 

B-3 

14.b80 

E-l  50** 

B-b 

14.177 

E-t>H 

B-3 

14.b50 

E-88 

B-b 

14.174 

E-t04 

B-b 

14.5b0 

E-l  02 

B-b 

13.747 

E-l  53 

B-b 

14.270 

E-83 

B-b 

I4.2b0 

E-118 

B-b 

13.772 

* Blade  E-1 

100  had  no  platform 

* B)«d«s  E-152  and  E-l  SO  had  no  leading  edge  protection 


Heat  Treat  Cycle  Key 

B-3  Single  800'’F  stress  relief  cycle  • oven 
B-S  800°F  oven  stress  relief  cycle  plus  800'^  die  stress  relief  cycle 
•B-6  Double  800'^F  stress  relief  cycle  • oven 
*B-6  Stress  relief  cycle  was  applied  to  all  blades  used  in  the 
flight  evaluation  program  (Appendix  > 
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Figure  10.3-12  slunvs  the  results  of  the  first  24  spin-pit  burst  tests. 

The  burst  blades  are  arranged  in  order  of  descending  burst  speed  from  left  to  right  with  the 
blade  leading  edge  tow  ard  the  camera  The  blades  exhibiting  the  highest  burst  speeds  had 
a more  random  failuix'  than  those  which  failed  at  lower  speeds.  Ihe  failure  of  the  “lower- 
speed”  blades  occurmd  at  the  junction  of  the  root  and  airfoil.  Ihe  high  stress  plane.  This 
indicates  that  they  retained  a greater  level  of  residual  stresses  even  after  the  SOO^F"  heat 
treat  sla'ss  relief  c.vcle  than  the  blades  having  a random  failure  pattern. 

F'lgim'  10. .T 1 1 IS  a side  view  of  a burst  blade  with  the  leading  edge  at  the  left.  Both  Figure 
10.3- 1 1 and  -12  show  that,  in  general,  the  leading  edge  fraclutes  aa-  closer  to  the  platfonn 
nilet  than  are  the  trailing  edge  fractums.  This  indicates  that  failun.'  initiated  at  the  leading 
edge,  because  the  leading  edge  fractua’  coincides  moa  closely  with  the  plane  of  higliest 
sta'ss.  No  contradictory  evidence  indicating  a diffea'nt  point  of  failua*  initiation  could  be 
found.  Fxamination  of  the  fractua*  surfaces  indicated  that  tJie  composite  stniclua'  was 
well  oriented  and  well  compacted,  although  thea'  wea*  some  local  areas  of  fabrication- 
induced  broken  fibers. 

An  alteiiipi  was  made  to  coradate  blade  burst  spee<l  with  parameters  .such  as  tape  strength, 
composite  panel  strength,  blade  acoustic  emission,  blade  serial  number  tto  establisli 
chronology)  and  blade  density.  Of  these,  only  blade  density  showed  a consistent  trend. 
Tliis  correlation  is  shown  in  Figure  10.3-13. 

10.3.3.2  Flevated  Temperature  Burst  Test 

Thiee  blades.  F'-‘)b,  F'-147.  and  F-18o,  were  spin  pit  burst  tested  at  4.30'’F'  to  provide  data 
to  establish  a 4.‘i0°F  CJoodman  type  diagram,  fable  10.3-lV  presents  the  results  of  these 
tests. 


TABLE  1 0.3-1  V 

BURST  PERFORMANCE  OF  STRESS  REUEVED 
BLADES  AT  450°F 


Blade  Number 

F-nu 

E-147 

E-185 


Burst  Speed 

i:.‘)(X)rpiii 
1 2 tpm 
i:.270tpin 


The  minimum  burst  speed.  12.270  rpm,  corresponds  to  maximum  predicted  .shell  stress  of 
b3.000  psi.  This  value  was  used  to  establish  the  steady  stress  point  on  the  450'’ F (loodman 
diagram. 


This  minimum  burst  speed  is  nearly  ^>0  percent  of  that  established  for  the  blade  at  room 
temperature  ( 1 3.772  rpm)  and  compares  very  well  with  the  predicted  strength  loss  of  the 
BORSK  /aluminum  composite  blade  when  its  temperature  is  increa.sed  from  ■?0''F  to 
450° F. 
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10  ,V.V.^  Room\  I ompcraturv  I C'l’ Burst  Tost 

BlaOo  l was  low  >.yolc  tattttuo  tfstcO  at  room  temperature.  In  this  test. the  Made  was 
aeeelerated  tumi  4000  rjMn  teiigme  idle  stx'cd)  to  1 2,1 50  rpm  1 1 1 5 percent  design  speed) 
and  maintained  at  the  high  speed  lor  one  minute.  I'he  Made  simived  54‘)  such  c>  cles 
K'lon*  bursting.  This  one  test.however.is  an  msutlicient  statistical  siiinpling  upon  which  to 
base  a valid  conclusion. 

10.5.3.4  Post-Kngine  Operation  Burst  Tests 

I'ollowmg  the  3o4-hr.  engine  sea-level  test  program  ^Section  1 1. 1 ).  a total  of  1 2 blades  ex- 
hibited lb  cracks  above  the  platform,  b'ollowing  the  ground  engine  tests  and  prior  to  the 
night  evaluation  program,  three  of  the  blades  with  1 b cracks  were  spin-pit  burst  tested  at 
room  temperatim*  to  as.sess  the  effect  on  burst  speed  of  the  3b4-hour  engine  test,  and  the 
presence  of  the  cracks.  The  test  results  aa*  piesented  below: 


Blade  No. 

Burst  Speed  (RPM) 

b-105 

1 2,'>(>o 

b-130 

13. ‘>80 

1-150 

13.087 

f'omparing  these  results  with  I'able  10.3-lU,  it  c.ui  be  seen  that  the  iiiinimum  burst  speed  of 
the  engine-tested  blades  deceased  from  13.7"' 2 rpm  for  new  blades  to  l2."Joo  rpm,  or  ap- 
proximately (V'f.  but  still  retained  a 22.5' i margin  of  safety  over  red-line  speed  f 10,550  n'in). 

10.3.4  High  Frequency  Fatigue  Testing 

I'hirty  blades  were  bench  fatigue  tested  in  the  first  Ix'iidiiig  mode  during  this  test  series. 

Vests  were  conducted  at  both  room  temperature  and  450''b‘.  .\n  electrod\  iiamic  exciter 
sNstem  (shake  table)  rated  at  2000  pounds  was  used  to  drive  the  blades  at  their  natural 
frequency  in  the  first  bending  mode.  Physical  characteristics  of  the  test  system  limited 
acceleration  of  the  blade  to  33  g’s.  b'lgure  10.3-14  shows  the  system  in  operation. 

I’he  33  g-load  applied  to  the  blades  resulted  in  a inaxitmim  total  tip  detlection  (double 
aniplitude)  of  0.8  inch.  Diis  deflection  com'sponds  to  a maximum  blade  shell  stress  of 
±22,000  psi,  which  ix'dirs  at  the  leading  edge.  The  comparatively  low  tip  deflections  attained 
with  this  blade  are  the  result  of  the  high  level  of  internal  dsunping  which  results  from  the 
composite  material  and  the  fiK'r  orientations  used  in  the  blade. 

Four  generations  of  blades  were  used  in  the  fatigue  testing  program.  They  wen'  designated 
•■R",  "1)".  "S”.  and  "F”.  The  R-.  0-.  and  S-  blades  wen'  developmental  configurations 
while  the  F-bladcs  wen'  the  final  mn figuration  iisi'd  for  engine  testing.  The  R-.  O-.  and 
S-blades  had  similar  airfoils  but.  while  the  R-.  and  D-blades  had  finisheil  titanium  roots,  the 
S-bl.ide  was  designed  for  airfoil  testing  only  and  had  an  unfinished  aluminum  root.  The 
F-blade  diffen'd  in  that  the  dovetail  root  attachment  was  slightly  shorter  fore  and  aft  and 
the  airfoil  ed^ws  wen'  somewhat  thinner 

Vhe  blades  diffen’d  significantly  in  quality  as  wx'll.  I'he  b-blades  wen'  of  uniform  high 
quality  while  the  quality  of  the  developmental  blades  was  inconsistent. 
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Three  series  of  fatigue  tests  were  conducted; 
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• Undamaged  blades  at  450°F 

• Deliberately  damaged  blades  at  450°F 

• Undamaged  blades  at  room  temperature 

All  of  the  tests  established  runout  as  10^  cycles,  and  the  failure  criterion  was  established  to 
be  five  percent  loss  in  first  bending  frequency.  This  is  a realistic  criterion  because,  should 
the  frequency  drop  approximately  ten  percent,  potentially  dangerous  resonances  would 
occur  in  the  engine  operating  range. 

10. 3.4.1  Testing  of  Undamaged  Blades  at  450°F 

Thirteen  blades  were  tested  at  450°F  through  10^  cycles  at  various  values  of  tip  deflection 
in  this  test.  The  results  are  presented  in  Table  10.3-V  and  plotted  in  Figure  10.3-15.  The 
wide  scatter  exhibited  at  the  ±16,500  psi  level  is  attributed  to  variations  in  blade  quality. 
No  engine-quality  blades  were  included  in  tliis  series  of  tests. 

TABLE  10.3-V 

RESULTS  OF  HIGH  FREQUENCY  FATIGUE  TEST 
UNDAMAGED  BLADES  AT  450°F 
(10^  Cycles) 


Double  Tip 

Maximum 

First  Bending 

Amplitude 

Stress 

Frequency  Loss 

Blade  No. 

(inch) 

tpsi) 

(%)' 

R-7 

0.4 

±11.000 

4.8 

0.6 

± 16,500 

6.8 

R-8 

0.4 

±11,000 

3.7 

D-8 

0.6 

± 16.500 

2.8 

D-10 

0.6 

± 16,500 

7.0 

D-IU 

0.6 

± 16,500 

1.7 

S-10 

0.6 

± 16,500 

5.2 

S-11 

0.2 

± 5,500 

0 

S-IQ 

0.4 

±11,000 

4.3 

S-44 

0.6 

± 16,500 

10.5 

S-tQ 

0.6 

± 16,500 

lib 

S-58 

0 6 

± 16.500 

».o 

S-S*) 

0.6 

±16.500 

10.3 

10.3.4.2  Testing  of  Damaged  Blades  at  450°F 

Nine  blades  were  tested  at  450°F  through  10^  cycles  at  a double  amplitude  tip  deflection 
of  0.4  inch.  This  corresponds  to  a stress  of  1 1 ,000  psi.  The  blades  were  deliberately 
damaged  prior  to  test  by  ballistic  impact,  sand  erosion,  salt  corrosion,  or  thermal  shock, 
as  outlined  in  Table  10.3-Vl.  Frequency  loss  is  also  presented  in  this  table  and  compares 
very  favorably  with  that  of  undamaged  blades  at  the  same  stress  level.  The  blades  used  were 
development-type  blades,  consequently  not  of  optimum  quality. 
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TABLE  10.3-VI 

RESULTS  OF  HIGH  FREQUENCY  FATIGUE  TEST 
DAMAGED  BLADES  AT  450°F 
( 10^  Cycles) 


Blade 

No. 

Type  of  Damage 

Double  Tip 
Amplitude 
(in.) 

Maximum 

Stress 

(psi) 

First  Bending 
Frequency  Loss 
(%) 

S-l 

30  caliber,  1 10  grain 
steel  bullets  1 300- 

0.4 

11,000 

3.2 

S-4 

1500  ft. /sec. 3 
locations  on  leading  edge 

0.4 

11,000 

3.2 

S-14 

Sand  erosion 

0.4 

11,000 

1.7 

S-IS 

One-inch  ice  ball  nOO 
ft. /sec. 

0.4 

11,000 

1.7 

S-l  6* 

Dry  salt  corrosion 

500°F,  100  hrs.  60 
ksi  presiress 

0.4 

11,000 

3.9 

S-20 

Thermal  shock  -65  to 
500°F  2000  cycles 

0.4 

11,000 

2.8 

S-36 

Salt  corrosion  100 
hr.,  humid  60  ksi 
prestress 

0.4 

11,000 

1.6 

S40 

Thermal  shock  -65  to 
500°F  2000  cycles 

0.4 

11,000 

2.4 

S-43 

Salt  corrosion  100  hr. 

0.4 

11,000 

2.6 

humid  1 5 ksi  presiress 

♦Blade  S-16  was  severely  deformed  in  corrosion  tesl. 

10.3.4.3  Testing  of  Undamaged  Blades  at  Room  Temperature 

Seven  E-blades  and  one  S-blade  were  tested  at  room  temperature  through  10^  cycles  at 
various  tip  deflections.  The  test  results  arc  tabulated  in  Table  10.3-Vll  and  plotted  in 
Figure  10.3-16.  I he  curve  presented  in  Figure  10.3-16  was  the  basis  for  establishing  a 
five  percent  loss  criterion  at  ±18,500  psi,  the  value  subseriucntly  selected  as  the  pure 
vibratory  Point  “A”  on  the  room  temperature  Goodman  type  diagram  pmsented  in 
Figure  10.3-17. 


I 

I 

TABLE  10.3-VlI 

RESULTS  OF  HIGH  FREQUENCY  FATIGUE  TEST 
UNDAMAGED  BLADES  AT  ROOM  TEMPERATURE 
( 10^  Cycles) 

Double  Tip  Maximum 

Pint  Bending 

Blade  Nu. 

Amplitude 

Stress 

Frequency  Loss 

• 

■ 

(inch) 

(p*l) 

(%) 

i. 

S-IO 

0.4 

± 1 1 .(XX) 

1.8 

K-IOI 

O.h 

± 18,500 

3 

1 Kg') 

0.7 

t 19,300 

7 

F;-78 

0,7 

± 19. .300 

8 

, K-14n 

0.8 

±22.000 

9 

F'-74 

0.8 

±22,000 

10 

• F.-ll.t 

0.8 

±22,000 

10 

f:-12.s 

«* 

0.8 

±22.000 

8 

* 

10.3..^  Internal  Damping  Investigation 

riK*  lack  of  response  of  tl\e  BOKSK’®/alumimiin  TI’30-l*-‘)  third-stage  fan  hlade  to  ineeh- 
anieal  excitation  at  its  first  bending  natural  frequency  indicates  a high  level  of  internal  damp- 
ing, This  phenomenon  was  investigated  in  conjunction  with  the  tll-'F  blade  test  prcrgram. 

I he  damping  logarithmic  decrement  was  experimentally  determined  for  several  blades,  along 
with  airfoil  temperature  rise  and  blade  damage. 

lo  conduct  this  investigation,  each  blade  was  instrumented  with  accelerometers  and  thernuv 
couples  as  shown  in  Figure  10.3-18.  bach  blade  was  then  excited  at  room  temperature  on  a 
sliaker  table  up  to  O.b-inch  double  tip  amplitude,  and  the  damping  log  decrement  and  tem- 
ivraturc'  were  determined. 

Figure  10.3-1^  presents  a comparison  ot  the  damping  log  decrement  vs  tip  amplitude  of 
B(>RSK'®/aluminum  blade  R-.S,  with  that  of  a titanium  alloy  rF30-P-‘)  bill-of-material  blade. 

I he  damping  of  the  composite  blade  is  an  order  of  magnitude  greater  than  that  of  the  titanium 
blade.  This  increased  ilamping  probably  evolves  from  the  interaction  of  the  BORSir®  fila- 
ments, at  both  O'  ami  t45'’  orientations,  with  the  aluminum  matrix.  Figure  10.3-20  presents 
the  composite  airfoil  temperature  as  a function  of  tip  amplitude  utal  span.  These  data  an> 
typical  of  all  blades  tested. 

A history  of  Ist-hending  Ill'F'  cycles  apparently  increased  blade  damping.  This  is  illustrated 
in  f igure  10.3-2 1.  Ihe  rlamping  log  decrement  of  blade  R-8  was  determined  both  before  and 
after  IIF'F'  testing  (0.4  inch  double  tip  amplitude  at  4.S0‘’F  for  10^  cycles).  The  physical  evi- 
dence of  ilamage  after  HFT-  testing  comsisted  of  fluorescent  penetrant  indications  of  matrix 
cracks  between  the  i45"  surface  filaments,  in  an  area  from  the  blade  platform  to  midspan. 
rhe.se  cracks  increa.sed  in  severity  as  Ihe  IIF'F'  testing  proceeded,  and  were  most  severe  at  the 
blade  edges  and  at  niidchord  on  Ihe  convex  surface. 


I1us  damage  apparently  increa.st'd  the  blade  damping  log  decrement  by  a factor  of  up  to  2''i. 
and  is  assumed  tt»  be  a result  ot  the  etiect  ot  the  matrix  cracks  on  elastic  wave  propagation 
through  the  blade  structure. 
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The  following  conclusions  were  drawn  from  the  hi^  frequency  fatigue  testing: 

• The  room  temperature  bending  fatigue  limit  of  the  advanced  composite  blades 

designed  and  fabricated  under  this  program  has  been  established  as  ±18,500  psi  ' 

based  on  a five  percent  natural  frequency  loss  in  first  bending  in  10^  cycles. 

• The  high  temperature,  450°F,  bending  fatigue  limit  of  the  blades  nas  been 
established  as  1 4,000  psi. 

• Blade  damage  such  as  leading  edge  ballistic  impact,erosion,  corrosion  and  thermal 

fatigue  has  no  apparent  effect  on  blade  fatigue  life.  ! 

• Composite  blades  exhibit  an  internal  damping  characteristic  that  is  an  order  of  1; 

magnitude  greater  than  that  exhibited  by  titanium  alloy  blades.  This,  plus  an  'J 

inherent  lack  of  notch  sensitivity , greatly  enhances  their  capability  to  endure  a 
service  environment. 

10.3.6  Tip  Rub  Testing 

An  internal  P&WA  review  team  recommended  the  addition  of  rig/engine  tip  rub  tests  (Secfion 
1 1.3. 1 ) to  ascertain  possible  detrimental  blade  cftects  due  to  this  phenomenon.  Before  this 
testing  could  be  incorporated,  however,  a severe  accidental  tip  rub  occurred  in  the  200-hr. 
altitude  engine  test  program.  This  tip  rub  was  discovered  after  57  hours  of  engine  test  time 
(following  10.5  hrs.  of  sea-level  Mn  1.2),  and  was  attributed  to  fan  exit  case  deformation  dur- 
ing the  high  Mn,  low  altitude  testing.  It  caused  several  blades  to  contact  the  fiberglas  rub- 
strip,  and  in  one  area  to  penetrate  to  a depth  of  .090  inch  (through  the  rubstrip  and  into  the 
titanium  case). 

As  a result  of  this  incident,  seven  blades  exhibited  cracks  in  the  fillet  area  above  the  platform, 
and  were  replaced  for  the  balance  of  the  altitude  test  program.  Several  blades  also  lost  ap- 
proximately Ml  inch  of  material  at  the  trailing  edge  tip.  This  damage  was  blended,  and  the 
blades  were  reinstalled  in  the  engine. 

One  of  the  seven  blades  having  most  severe  fillet-area  cracks  (Blade  E-184)  was  subjected  to 
destructive  examination  to  determine  the  extent  of  the  crack.  This  investigation  is  described 
in  detail  in  Section  1 1.2.5;  it  revealed  that  the  crack  was  confined  to  the  outer  crossply  layers, 
and  did  not  penetrate  to  the  radial  core  plies. 

The  conclusions  drawn  from  this  test  are: 

• The  tip  rub  was  probably  more  severe  than  would  ever  be  encountered  in  normal 
service. 

• No  immediate  catastrophic  blade  failure  occurred. 

• Blade  damage  was  confined  to  insignificant  loss  of  material  at  the  tip  and  surface 
cracks  in  the  airfoil  root  area. 
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1 0.4  COMBINED  STRESS/FATIGUE  TESTING 

Thirteen  BORSlC®/aluminuni  blades  were  stress/ fatigue  tested  by  subjecting  them  to  a 
vibratory  load  imposed  over  a steady  radial  load.  The  steady  radial  load  produced  the  P/A 
and  restrainea  warping  stresses.  The  total  stress  field  is  referred  to  as  combined  stress  fatigue 
(CSF). 


The  blades  were  prepared  by  diffusion  bonding  aluminum  alloy  pads  to  the  tip  area  as 
shown  in  Figure  10.4-1 . A channel  parallel  to,  and  equidistant  from,  the  blade  stacking 
line  was  machined  on  each  surface.  A plate  was  then  inserted  into  each  channel  and  ad- 
hesively bonded  in  position.  A third  plate,  slotted  at  the  free  end  to  accept  a cable,  was 
then  inserted  between  the  free  ends  of  the  two  plates  bonded  to  the  pad.  With  the  cable 
in  place,  steady  state  loads  in  excess  of  1 2,000  pounds  can  be  applied  to  the  blade  by  means 
ofa  pneumatic  cylinder.  Figure  10.4-2  shows  the  airangement  of  the  test  fixture.  The  de- 
sired chordwise  static  stress  distribution  pattern  can  be  achieved  by  adjusting  the  location 
of  the  cable  in  the  slot.  Figure  10.4-3  is  a curve  which  shows  the  load  required  to  duplicate 
the  static  stress  levels  which  would  occur  at  various  blade  rotating  speeds. 

During  testing,  the  root  of  the  blade  is  gripped  in  a broach  block  shown  in  Figure  10.4-4. 

This  fixture  can  be  equipped  with  as  many  as  six  Calrod-type  electrical  resistance  heaters, 
which  are  capable  of  heating  the  blade  root  to  the  500°F  range.  To  augment  the  electrical 
heating,  preheated  air  is  blown  over  the  blade  root  surfaces  as  well. 

The  vibratory  bending  stress  was  imposed  on  the  blade  by  vibrating  the  root  about  the  blade 
root  centerline.  This  was  accomplished  mechanically  by  a 3600  RPM  electric  motor,  acting 
through  a camshaft  to  provide  the  required  reciprocating  motion  to  the  broach  block.  Figure 
10.4-5  shows  the  test  rig  used. 

Before  testing,  the  blades  were  instrumented  with  strain  gages  to  measure  the  stress  distribu- 
tion on  the  airfoil.  When  elevated  temperature  testing  was  scheduled,  thermocouples  were 
also  used.  Figure  10.4-6  shows  the  instrument  locations. 


^•R\^  A WHIVNI  Y VIRl  RAI  I (;RtU'l’ 


Althougli  till-  Ii’st  rigallowi'd  adjusting  tiu'  load  and  load  distribution  it  was  ditticult  to 
attain  a "balaiKi'il”  stress  distribution  in  all  eases,  llus  is  considered  to  be  the  primary  rea- 
son tor  the  scatter  in  the  lest  data.  I'lgure  10.4-7  presents  the  ideal  (theoretical)  chordwise 
stress  distribution  just  above  the  blade  platlorin.  In  the  ideal  distribution  the  integrated 
areas  above  and  below  the  neutral  axis  should  be  equivalent. 

I 

.A  t\  pical  stress  pattern  which  resulteil  in  the  ('SI'  r;g  is  shown  in  l igure  10.4-S  and  repmsents 
the  nieasiired  strain  levels  on  blade  I - Urn  at  room  temperature.  Despite  the  skewness  ol 
the  i>attern,  this  blade  pert'ormed  well  in  ('Sb'  testing  as  evidenced  by  the  test  data.  Similar 
strain  patterns  were  developed  tor  alt  blades  tested,  even  though  they  were  balanced  as  well 
as  possible  before  initiating  the  test. 

10.4-1  Methodology  and  Results 

Hie  blades  were  divided  into  three  groups. 

• Ciioiip  .-\  consisted  of  four  early  development  blades,  which  were  tested  at  450“l', 

100  percent  equiv;ilent  speed,  and  vibratory  stress  levels  of  10,0(X)  or  20,000  psi. 

None  of  these  blades  ran  out  to  10  cycles. 

• ('iioup  B consisted  of  four  engine-iiuality  blades  tested  at  room  temperature,  100 
percent  equivalent  speed,  and  at  various  levels  of  vibratory  stress.  Tlie  results  were 
quite  consistent.  The  two  lowest  stressed  blades  ran  out  to  10^  cycle.s,  the  next 
blaile  sliovvetl  a .small  crack  after  10 ' cy  cles,  and  the  highest  stressed  blade  faileil 
111  X 10^  cy  cles. 

• (iroup  C'  consisted  of  five  blades  tested  at  450°l'  , either  40  or  100  percent  equiva- 
lent speed,  and  at  various  levels  of  vibratory  stress.  Results  show  that  all  blades 
stressed  to  1(X)  percent  equivalent  speed  failed,  two  a^  zero  cy  cles.  The  blades 
stressed  to  40  percent  equiv,ilent  speed  ran  out  to  10'  cycles. 

Hie  results  of  these  tests  are  presented  in  I'able  10.4-1. 

These  data  were  used  to  help  establish  (ioodin.in  type  diagrams.  The  resulting  diagrams  are 
iliscus.seil  in  paragraph  10.5  of  this  ilocument. 

10.4.2  Kecomnu'iuiation 

Because  of  the  difficulty  in  obt,iinmg  unifonn  bl,ide  loading  in  this  purely  mechanical  type 
of  test  rig.  It  IS  strongly  recommended  th.it  future  ('ST'  testing  be  performed  m a spm-pit 
In  a spin-pit  envin'iiment  the  steady  load  w ill  be  of  a centrifugal  nature,  and  the  vibratory 
stresses  can  be  imposed  by  exciting  the  blade  at  a resonance  point  with  air  jets 
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10.5  (;(WOMAN  TYPE  DIAGRAMS 

rhe  ilata  obtainoil  from  the  spin-pit  Inirst.  latigno.  anil  combined  stress/ fatigue  tests  were 
used  to  generate  modified  Goodman  diagrams  for  the  composite  blades  at  both  room 
temperature  and  450'’E  conditions.  Tire  latter  condition  represents  the  highest  temperature 
tire  third-stage  fan  blade  will  eirconnter  at  supersonic,  high  altitude  conditions. 

Eigniv  10.5-1  pR'senis  the  resulting  Goodman  diagrams.  I'he  pnm  vibratory  stress  points, 
plotted  on  the  ordinate,  use  a five  percent  loss  in  lirst  bending  livijnency  as  a tailniv 
criterion  (Reference  l-igiires  10.5-15,  - lb),  l ire  other  data  points  take  separation  of  the  air- 
foil fronr  the  root  as  the  failure  criterion,  l ire  diagrams  were  based  on  a total  of  75  blade 
tests,  45  conducted  at  ixrom  temperature  and  50  at  450"1'. 

fire  room  temperature,  shell  vibrator>  stress  limit  was  established  at  18,500  psi.  lliis  value 
was  based  on  data  obtained  fri'm  eight  fatigue  tests  which  were  previously  discussed  m 
paragraph  10.5.4  of  this  section,  fhe  450‘’1-,  shell  vibratory  stress  limit  was  established  at 
14,000  [isi  and  was  based  on  22  fatigue  tests,  discussed  in  the  same  paragraph. 

I he  room  temperature  shell  steady  stress  limit  was  established  at  78,000  psi  and  based  on 
51  spin  pit  burst  tests.  I he  450'’1'  shell  steady  stress  limit  was  established  at  <i5.0lK)  psi 
;uul  was  based  on  three  spin  pit  tests.  The  spin-pit  burst  tests  wea-  discussed  in  paragraph 
10.5.5  of  this  section. 

Ihe  room  temperature  combined  slress/fatigue  limits  were  e.sfabli.shed  at  42,500  psi  steady 
stress  and  I 2,000  psi  vibratory  stress  and  were  based  on  four  tests.  The  450''1'  limits  were 
established  at  54,500  psi  steady  stress  and  12,000  psi  vibratory  stress  and  weiv  based  on 
five  tests,  fhese  tests  weiv  disciis.sed  in  paragraph  10.5.4  of  this  section. 

IVvelopiiig  the  Goodman  diagrams  prior  to  engine  environmental  testing  was  a requirement 
of  the  Aeronautical  Systems  Division.  Ihe  diagrams  were  to  be  usi'd  to  accurately  assess 
the  probability  of  the  blades  successfully  passing  the  simulated  sea  level  and  altitude  tliglit 
tests. 


Die  prediction  that  the  blades  would  survive  the  engine  environment  tests  was  paived 
,iccurate  in  the  subsequent  5b4-houi  engine  test  program  (Section  1 1.0). 


Ihe  two  engine  test  data  points  plotted  repa'sent  Ihe  highest  combination  ol  vibratory  and 
steady  stress  encountered  in  Ihe  sea  level  engine  test  program,  fully  described  in  Rejvirt 
pvy.\-;750,  ”100  Hour  Sea  I eve  I Subsonic  Ingine  lest  of  n-50  5ai  Stage  BORSU 
.Mumimim  I an  Blades,”  with  the  exception  of  engine  surge  conditions  wliea-  Ihe  vibratory 
stress  went  as  high  as  50,000  psi.  fhese  sta'sses  were  not  exceeiled  m the  altitude  engine 
test  program,  where  blade  temperature  reached  450"f  . fhat  program  is  described  m Section 
I 1 Oof  this  report.  With  the  exception  of  short-time  surge  conditions.  Ihe  highest  blade 
stresses  eiicoiinlea'd  in  the  entire  llight  envelope  are  contained  well  within  Ihe  (AHnlmaii 

diagram. 


.| 

i 

Li 


182 


riir 


I 


i V 


i 


PRATT  A WHITNEY  AIRCRAFT  GROUP 


PRAfT  a WHITNFY  AIRCRAFT  I'.ROl'P 


Bbl-Urtt  REMOVAL  OF  SALT  AFTER  REMOVAL  OF  SALT 

i'i\;un'  10.2  I Ihf  liORSU'^  .Minniinnn  ULulc  Slnfifftl  .\\y  l-i’ith’in  f of  S.ilt 

C'ornKsion  Afti't  on  I'lrvott'il  IVtnpfroturc  | 100  Hour  Salt  Strcaf- 

i'orro.iioii  Ti'ft 
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BEFORE  REMOVAL  OF  SALT 


after  removal  of  salt 


I'i^tre  to. 2-2  Inspection  Showed  No  Discemable  lit'j^radation  of  the  BilRSK.^/ Ahiinini4in 
Bliuies  .After  ii  1 00-Hour  SaltStress-Corrosion  Test  Cnder  Humid  Conditions 
at  90°  F 
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Figure  10. 2-5  Concui’f  Side  of  Composite  Fan  Blade  D-17  Showing  Condition  After  FOD 

Spin  Test.  N - 10.360  q)rn,  T = 70°  F,  FOD  Mth  75  grams  of  Sand 

(XPN-26S14) 
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Figure  10.2-6  Particulate  Erosion  Rig  Used  for  Static  Testing  at  Both  Room  and  Elevated 
Temperatures 
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Figure  10.2-8  Comparison  of  Composite  Blades  With  Nickel-Cobalt  Leading  Edge  Protection, 
Blade  on  Right  Has  Increased  Protected  Area 


/•i\>wrf  to. 2-9  CotnfUiris'on  of  lUaJes  Suhjectctl  to  Hitih-Teinpcriiturc  St.itic  Erosion  I'rst: 

Composite  nliutc  U'ith  Nickel-Cobalt  Lcaiiin\i  l-ilae  (Left  k Titanium  IT.U) 
Hill-of-Material  Third-Sta^e  Blade  (Right) 
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/Mijurt*  t0.2-i  1 Poat-Tvst  ContUtioii  of  liiillistic  Impacted  I'ati  Blades:  (A)  I Unprotected 
Composite  Blade,  (B)  Composite  Blade  H’l'f/i  Hard  Sickel  Leading  l:dge: 
fC)  Composite  Blade  M'tli  ^ickel-Coludt  Leading  Ldge,  {Dl  IT30-P-9 
Titanium  Blade:  (T.)  Composite  Blade  With  Boron  Carbide  Leading  T.dge 

(CN-29585 1 


Figure  10.2-13  Comparis<m  of  Concave  Sides  of  BilUyf-Material  Titanium  Fan  Blades  and  BORSIC® 


Fan  Blades  .After  66  Strikes  per  Blade  With  'n-lnch  Quart:  Gravel  at  Room  Tempera- 
ture and  at  10,360  rpm 
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TITANIUM  BLADE  COMPOSITE  BLADE  TITANIUM  BLADE  COMPOSITE  BLADE 

Fienre  f 0.2-14  Comparison  of  Concave  Sides  of  Bill-of-Materials  ritanium  Blades  and 
BORSIC.AL®  I'uM  Blades  .-ifter  66  Strikes  per  Blade  U'ith  h-JncIi  Qnirtz 
Gravel  at  Room  Temperature  and  10,360  rjym 
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Inch  1 k.hliiis  .111,1  Only  Sli.;h  I'h  nfs  ll'lu'ii  Impactc,!  by  Six 
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I'l^vtin-  l0.:-:0  Sini;lf  UluJf  I'OD  Tfus  Multiple  Impjct  Drop  Mechanism  Conjitturation. 
t.i  I Ohieet  Drop  Mechanism.  I B > U'luJ  Screen. 
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LEADING  EDGE 
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Figure  10.3-2  Location  of  Proximity  Probes  Used  to  Determine  Blade  Untwist 
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GAGE  NO. 

GAGE  LOCATION 

1 

CONVEX  L.E. 

2 

CONVEX  .6"  (FROM  L.E.) 

3 

CONVEX  (NEAR  .6"  GAGE) 

4 

CONVEX  RMT 

5 

CONVEX  (NEAR  .6"  GAGE) 

6 

CONVEX  .6"  (FROM  T.E.) 

7 

CONVEX  T.E. 

8 

CONCAVE  L.E. 

9 

CONCAVE  .e"  (FROM  L.E.) 

10 

CONCAVE  NEAR  .6"  GAGE 

11 

CONCAVE  RMT 

12 

CONCAVE  NEAR  .6"  GAGE 

13 

CONCAVE  .6"  (FROM  T.E.) 

14 

CONCAVE  T.E. 

l'i)(ure  10.3-4  Location  of  Straifi  Gaifcs  Ihed  to  Conduct  Test  One  of  the  Static  Stress 
Siiri'ey  on  the  BORSic®  I .aluminum  Blades 
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1/16  X 1/16  ALL  GRIDS  RADIAL 


IHgttre  i 0.3-6  Location  of  Strain  Ga^es  on  the  Blade  Airfoil  Test  Two  of  the  Static  Stres 
Survey 
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Figure  1 0.3-7  Location  of  Strain  Cages  in  the  Blade  Platform  Area  for  Test  Two  of  the 
Static  Stress  Survey 
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EDGE  EDGE 


Figure  lO.J-9  Elastic  Straiti  Gage  Data  From  Wacuum  Spin  Pit  Testing  of  Blade  K-92  at 
Room  Temperature  and  10,000  rfnn 
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tO.J-12  I'.-liLtiif  Root  Sections  l-’olloicini;  Hurst  Test,  in  Order  of  Hurst 

Speed  ' (XP\-.U70<fl 


BURST  SPEED  - RPM  X 10  •’ 


/ lytirc  10..''  14  iXiini'int;;.' Tt\<t  of  Comi'o.tite  l\in  HLuh-  It'ifli 
I'rott'cth'n 
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0 2 4 6 8 10  12 


AFREQUENCY  % 

FHgure  10.3-15  Results  of  High  Frequency  Fatigue  Test  Conducted  on  Undamaged  Blades 
at  430° F 


A FREQUENCY -% 

Figure  1 0.3- 16  Results  of  High  Frequency  Fatigue  Tests  Conducted  on  Undamaged  Blade 
at  Room  Temperature 
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Figure  iO.4-2 


Blade  Gripping  Technique  Used  for  Combined  Stress  Fatigue  Testing 
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(.'onipositc  liLulc  Root  Bloch  HoLliii};  I'ixturc  Sliou'iii\;  lh\ititi\’  l-lciiicnis 


I'is^urc  10.4-4 


I'c.it  Ri\;  for  tU^tuhiiicil  Strcsf  \ppUcKitioii  to  /i/.ii/cx  (\  42242^ 
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iijjim*  10.4-6  .-{p/iroxitnate  Instrurnentiition  Locations  Jor  Combined  Stress/ I'atii’uc  Festini’ 
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Figure  1 0.4-7  Ideal  Chordwise  Stress  Distribution  Just  .Above  Blade  Platform;  .Areas 
Above  and  Below  the  Neutral  .Axis  .Are  Fijual 
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Pi  frit  re  t0.5-t 


PKita  From  Spin-Pit  Burst,  Fatigue,  and  Combined  Stress/ Fatigue  Tests 
H'ere  Used  to  Generate  the  Room  Temperahtre  and  450°F  Goodman  Typi 


PRATT  A WHITNEY  AIRCRAFT  GROUP 


1 1 .0  ENGINE  ENVIRONMENTAL  TESTING 

The  test  vehicle  used  to  conduct  engine  environmental  testing  of  the  BORSIC®/aluminum 
blades  designed  and  fabricated  under  this  program  was  a TF30-P-9  engine.  Figure  1 1 .0-1 
sliows  the  engine.  A total  of  564  hours  engine  environmental  testing  was  conducted  on  two 
full  sets  of  third-stage  composite  fan  blades.  Operation  of  the  blades  througliout  the  entire 
flight  envelope,  including  supersonic  and  altitude  conditions,  was  investigated  and  the  blades 
performed  well  at  all  ojterating  conditions. 

The  first  set  of  blades  (Set  No.  1 ) underwent  364  hours  of  testing  at  sea-level  conditions 
which  included  314  hours  of  cyclic  endurance  testing.  Tlie  first  100  hours  of  this  test  were 
fully  documented  in  the  interim  report,  PWA-4730,  100  Hours  Sea-Level  Subsonic  Engine 
Test  of  TF30  3rd  Stage  Borsic-Aluminum®  Fan  Blades,  dated  14  May  1973.  A summary  of 
this  report  as  well  as  a description  of  an  additional  264  hours  of  sea  level  endurance  testing 
is  presented  in  Section  1 1 . 1 . 

The  second  set  of  blades  (Set  No.  2)  sliown  in  Figure  1 1 .0-2,  was  tested  for  200  hours  at 
supersonic/altitude  conditions, including  120  hours  at  Mn  2.2,  56,000  ft.  and  10  hours  at 
Mn  1.2,  sea  level.  Tliis  testing,  completed  in  August  1973,  is  fully  reported  in  section  1 1.2 
below. 

In  September  1973,  a joint  P&WA/AF  review  of  the  entire  engine  test  program  was  held,  and 
as  a result  the  blades  were  judged  acceptable  tor  use  in  a flight  evaluation  program  in  F-1 1 1 
aircraft,  with  the  stipulation  that  the  blades  must  be  removed  and  inspected  on  the  bench 
after  the  initial  200  hours  of  operation.  A summary  of  this  review,  plus  the  findings  of  a 
previous  P&WA  internal  review  in  the  1st  quarter  of  1973,  is  presented  in  Section  1 1 .3. 

1 1 .1  SEA  LEVEL  TESTING 

In  January,  1973,  a full  set  of  36  TF30-P-9  third-stage  fan  blades,  constructed  of  BORSIC®/ 
aluminum  composite  material,  successfully  completed  a 100  hour  engine  test  at  sea-level  sub- 
sonic conditions.  No  special  limitations  were  imposed  on  the  test  parameters  or  the  test  pro- 
gram. which  included  stress  surveys,  performance  calibration,  distortion  and  stall  tolerance, 
as  well  as  50  hours  of  endurance  testing.  A total  of  19  deliberate  stalls  were  induced  during 
the  program. 

Maximum  vibratory  stress  peak  recorded  on  the  blades  was  7.9CX)  psi  at  the  blade  root  lead- 
ing edge  (LE)  except  during  surge  when  transient  stresses  as  high  as  33.(X)0  psi  were  seen. 
Maximum  rotor  speed  was  10,5(X)  rpm  and  maximum  recorded  blade  temperature  was 
214“F. 

Aerodynamically.  the  shroudless  rotor  exhibited  performance  parameters  equivalent  to  those 
of  the  bill-of-materials  (B/M)  rotor.  Its  stall  margin  with  seventh-stage  bleeds  closed  was  also 
equivalent  to  that  of  the  B/M  rotor.  With  seventh-stage  bleeds  open  there  was  possibly  a 
slight  loss  of  stall  margin  at  the  higher  speeds.  However,  it  is  extremely  difficult  to  pinpoint 
a stall  setting  with  the  seventh-stage  bleeds  open, a fact  which  must  be  considered  when  inter- 
preting this  data. 
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Structurally,  the  type  of  shroudless  blade  design  used,  shown  in  Figure  1 1.1-1 , does  have 
resonances  in  the  operating  range-specifically  2E/rirst  bending  mode  at  about  5000  rpm  and 
3E  and  4E/second  bending  mode  at  higher  speeds.  However,  the  stress  survey  revealed  no 
resonant  stress  peaks  above  8,000  psi  and  no  flutter,  even  with  distortion.  Surge  stresses  of 
approximately  33,000  psi  occurred,  which  is  comparable  to  those  seen  on  B/M  blades. 

The  50-hour  endurance  program  included  engine  operation  at  normal,  military  and  maximum 
power,  plus  many  snap  accelerations  and  decelerations,  including  nearly  200  from  idle  to 
maximum  power. 

Following  the  100-hour  test,  the  composite  blades  were  thoroughly  inspected  by  NDI  tech- 
niques. The  only  effect  seen  was  a loss  of  natural  frequency  of  approximately  two  percent 
which  does  not  affect  the  capability  of  the  blades  to  operate  in  an  engine  environment.  No 
cracking,  splitting,  or  delamination  occurred,  nor  were  any  dimensional  changes  seen.  The 
blades  were  judged  to  be  completely  acceptable  for  further  engine  operation. 

It  is  emphasized  that  no  special  limitations  were  placed  on  the  test  program  because  of  the 
presence  of  the  composite  fan  blades.  The  entire  practical  subsonic  operating  envelope  of  the 
engine  was  explored,  with  limits  imposed  only  by  the  capabilities  of  the  test  stand  or  of  the 
engine  itself. 

11.1.1  Engine  Buildup 

A TF30  experimental  engine.  No.  X-433,  was  assembled  to  the  P-9  configuration  for  this  pro- 
gram although  several  deviations  from  the  P-9  B/M  were  incorporated  to  accommodate  the 
third-stage  composite  blades  and  required  instrumentation.  The  deviations  are  presented  in 
Table  11.1-1. 


TABLE  11.1-1 

DEVIATIONS  TO  TF30-P-9  B/M  CONFIGURATION 


Part  Name 

Part  Number 

Bill  of  Material 

♦2nd-Stage  Disk 

559502B 

SKL555117 

559502D 

*2-3  Spacer 

562058 

SKL55118 

562058 

2-3  Air  Seal 

713246 

SKL55119 

562054 

3rd-Stage  Fan  Blades  (36) 

713603 

616503 

3rd-Stage  Disk 

713703 

569503 

SKL43888 

3rd-Stage  Fan  Blade  Locks  (36) 

661920 

NA 

♦Slotted  to  accommodate  instrumentation  leads 
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Table  1 l.I-Il  presents  pertinent  data.about  Blade  Set  No.  1 including  raw  material  used, 
physical  characteristics,  and  NDl  results.  At  the  time  of  the  engine  build,  listed  as  build  No. 

24  for  this  engine,  the  majority  of  the  engine  parts  had  a total  of  1 380  hours  previous  run- 
time including  969  hours  of  endurance.  A completed  TF30-P-9  engine  is  shown  in  Figure 
11.1-2. 

11.1.2  Instrumentation 

11.1.2.1  Stress  Survey 

In  order  to  determine  composite  blade  operating  characteristics  during  engine  operation  and 
to  evaluate  the  effect  of  the  composite  blades  on  fan  stage  operation,  four  second-  and  seven 
third-stage  fan  blades  were  strain  gaged  for  the  composite  blade  engine  test.  Strain  gage 
locations  were  established,  as  shown  in  Figure  11.1-3.  Figure  11.1-3  also  shows  the  circum- 
ferential location  of  the  strain-gaged  blades  in  the  disk.  This  placement  facilitates  deter- 
mining the  magnitude  and  direction  of  travel  of  nonintegral-order  engine  excitations  through- 
out the  engine  operating  range.  Two  third-stage  blades  were  also  equipped  with  thermocouples 
to  verify  engine  operating  temperatures. 

Thirty-eight  M-M  WD-DY-125AD-350-B87  strain  gages  were  installed  with  M-610  adhesive. 
Kapton  leads  were  soldered  to  the  strain  gage  leads  and  routed  down  the  airfoil  using  GA-60 
cement.  Four  chromel-alumel  thermocouples  were  fabricated  by  tackwelding  the  junction 
and  then  cementing  it  down  with  3012  silver  epoxy.  The  five  mil  C/A  wires  were  routed  along 
the  airfoil  using  GA-60  cement  to  the  splice  area,  where  they  were  tackwelded  to  C/A  duplex 
wire. 

11.1.2.2  Performance 

Instrumentation  was  added  to  the  build  of  X-433  to  evaluate  engine  performance.  The 
following  measurements  were  made; 

1 . Low  compressor  entrance  total  temperature 

2.  Low  compressor  entrance  static  and  total  pressures 

3.  Low  compressor  discharge  total  pressure 

4.  Low  compressor  discharge  total  temperature 

5.  Fan  duct  entrance  total  pressure 

6.  Fan  duct  entrance  total  temperature 

7.  High  compressor  discharge  total  pressure 

8.  High  compressor  discharge  total  temperature 

9.  Primary  burner  discharge  total  temperature 

10.  Turbine  discharge  total  temperature 

1 1.  Turbine  discharge/fan  duct  di-scharge  mixed  total  pressure 

12.  Low  rotor  speed 

13.  High  rotor  speed 

14.  Low  compressor  discharge  static  pressure 

1 5.  High  compressor  discharge  static  pressure 

16.  Burner  pressure 

1 7.  Primary  burner  fuel  flow 

1 8.  Total  (primary  and  afterburner)  fuel  fiow 
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TF30  COMPOSITE  ENGINE  TEST  BLADES 
(Set  No.  1) 

Listed  in  Order  of  Ehsk  Location 
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11 .1 .3  Test  Program  and  Engine  Run 

The  engine  test  program  required  a stress  survey,  performance  evaluation,  endurance  testing, 
and  distortion  and  stall  tolerance  evaluation  for  a total  test  time  of  100  hours.  Figure  11.1-4 
shows  the  test  program  schedule.  The  instruction  sheet  used  during  the  test  program  is  out- 
lined below: 

11.1.3.1  Stress  Survey 

The  following  tests  were  conducted  for  each  tail-pipe  and  bleed  combination: 

• A stress  survey  for  an  engine  start  from  light-off  to  idle  thrust. 

• A 30-second  acceleration/ 30-second  deceleration  cycle  from  idle  thrust  to  maximum 
low-pressure  compressor  operating  speed  and  back  to  idle.  Maximum  operating 
limits  were  not  exceeded.  Maximum  vibratoiy  stress  limits  for  composite  fan  blades 
are: 

• Transient  condition  - 1 5,000  psi  (excluding  surge) 

• Steady  state  condition  - 5,000  psi 

• A transient  vibration  survey. 

• Repeated  peak-stre.s.s  points  as  considered  desirable. 

The  tail-pipe/bleed /inlet  combinations  m*  tabulated  below. 


Tail-Pipe  Area 

7th-Stage 

1 2th-Stage 

Inlet 

Run  No. 

(ft“);Conrig. 

Bleeds 

Bleeds 

C'onfig. 

1 

B/M  A/B 

Closed 

Closed 

Clean 

2 

3.50;  Conv-Div 

Closed 

Open 

Clean 

3 

3.50;  Conv-Div 

Closed 

Closed 

Clean 

4 

3.00;  Convergent 

Closed 

Open 

Clean 

5 

3.00;  Convergent 

("losed 

Closed 

Clean 

8 

4. 10;  Conv-Div 

Hosed 

OjXMl 

Clean 

d 

4.10;  Conv-Div 

Closed 

Closed 

Clean 

10 

3.50;  Conv-Div 

Closed 

Open 

58  A* 

11 

3.50;  Conv-Div 

C'losed 

Closed 

58  A* 

* 58  A Distortion  Screen 
11.1.3.2  Endurance  Program 

The  engine  endurance  program  consisted  of  repeated  six-hour  cycles  as  shown  in  Figure  11.1-5. 
Engine  shutdowns  were  made  as  required.  Tl\e  following  requirements  were  observed  during 
these  tests: 
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• Recorded  all  engine  discrepancies. 

• Took  an  oil  sample  at  the  first  idle  point  of  each  cycle  except  for  Cycle  1 . 

• Kept  a record  of  all  oil  samples  taken  and  all  oil  added. 

• Inlet  temperature  was  ambient. 

• All  power  settings  were  within  the  trim  and  power  setting  curve,  Figure  1 of  the 
TF30  P-9  Test  Instruction  Sheet. 

• Recorded  all  parameters  included  on  the  engine  instrumentation  sheet. 

The  six-hour  endurance  cycle  was  repeated  until  a total  of  50  hours  of  endurance  time  had 
been  accumulated . 


11.1.3.3  Performance  Calibration 

Required  back-to-back  for  B/M  and  composite  fan  blade  configurations.  An  engine  perform- 
ance calibration  was  conducted  according  to  the  following  procedure; 

a.  The  engine  was  started  according  to  normal  procedures. 

b.  The  idle  thrust  was  set  at  710  to  720  pounds. 

c.  Tlie  Military  power  level  angle  was  set  at  65  to  68  degrees  and  trimmed,  if  necessary, 
to  the  thrust  trim  curve. 

d.  Nominal  suppression  was  set  in  Mid  Zone  3. 

e.  The  idle  thrust  was  rechecked. 

f.  Recorded  fcii  data  readings  at  the  following  points.  Stabilized  seven  minutes  before 
each  reading.  Wet  and  dry  bulb  thermometers  and  the  barometer  were  recorded 
each  hour.  A vibration  survey  was  conducted  in  conjunction  with  the  calibration. 

• Idle 

• Maximum  12  th-stage  bleeds  open 

• Maximum  1 2th-stage  bleeds  closed 
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For  the  remaining  nonafterburning  data  points,  the  procedure  described  below 
was  followed. 

• The  desired  thrust  (data  points  as  listed  below)  was  set  with  the  seventh- 
stage  bleeds  closed,  locked  power  lever  angle;  recorded  readings. 

• With  the  power  lever  angle  locked  in  the  seventh  stage  bleeds-closed 
position,  the  seventh-stage  bleed  was  opened  and  the  readings  recorded. 

• Closed  the  seventh-stage  bleeds,  unlocked  the  power  lever  angle,  and  the 
next  data  point  was  set  (data  points  as  listed  below) 

• 6000  pounds  thrust 

• 8000  pounds  thrust 

• 9000  pounds  thrust 

• 10,000  pounds  thrust 

• 1 1 ,000  pounds  thnist 

• 12,000  pounds  thrust 

• Military  trim 

• Minimum  Zone  1 

• Mid  Zone  2 

• Maximum  Zone  5 

g.  When  the  above  pretgram  had  been  satisfactorily  completed,  the  engine  was 
brought  to  idle  thrust,  allowed  to  cool,  and  sluit  down. 


I 

i 
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1 1 . 1 .3.4  Distortion  Tolerance  and  Stall  Testing 

Required  back-to-back  for  Bill  of  Materials  and  composite  fan  blade  configurations. 

A series  of  tests  was  conducted  to  evaluate  the  engine  and/or  blade  tolerance  of  various 
degrees  of  inlet  distortion  and  the  stall  characteristics  of  the  engine.  The  following  proced- 
ures were  oli».rved  during  these  tests: 


Distortion  Valve  Part  No.  XLR-46153 

• Removed  the  Station  3 probes  for  the  distortion  testing. 

• Installed  the  flame-out  protection  (FOP)  system. 

• Made  a check  run  to  evaluate  proper  functioning  of  the  instrumentation  and  FOP 
systems.  Actuated  the  FOP  solenoid  to  assure  that  the  surge  protection  system 
was  functioning  properly.  Checked  the  engine  for  possible  vibration  shifts. 

• Conducted  the  distortion  test.  Stabilized  the  engine  for  five  minutes  before  record- 
ing data. 

• At  every  ten  hours  of  engine  operation,  the  screens  in  the  distortion  valve  were 
inspected  and  replaced  if  cracked. 


• When  the  seventh-stage  bleeds  were  open,  the  T^-^  limit  which  was  defined  by  the 
performance  calibration  was  observed. 


• With  the  base  line  configuration,  conducted  tests  at  the  conditions  shown  in  the 
following  table. 

Point 

A/B 

7th  Bleeds 

X-433-24  Distortion  Valve  Program 
Conditions  N | y/O 

1 

No 

Gosed 

Stall 

VOS** 

VOS- 10 
VOS-20 

Full  Open 

9500 

2 

No 

Gosed 

Stall 

VOS 

VOS- 10 
VOS-20 

Full  Open 

9000 
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3 No  Qosed 


4 No  Gosed 


Stall 
VOS 
VOS- 10 
VOS-20 
Full  Open 

Stall 
VOS 
VOS- 10 
VOS-20 
Full  Open 


8500 


7500 


5 No  Open 


Stall  9000 

VOS 

VOS- 10 

VOS-20 


Full  Open 

X-433-24  Distortion  Valve  Program 


Point 

y - 

A/B 

7 th  Bleeds 

Conditions 

4 6 

1 ■ 

i . 

No 

Open 

Stall 

VOS 

VOS- 10 
VOS-20 

Full  Open 

8500 

t - 

: 7 

4 . 

1 * 

) 

4 

No 

Open 

Stall 

VOS 

VOS- 10 
VOS-20 

Full  Open 

8000 

00 

No 

Open 

Stall 

VOS 

VOS- 10 
VOS-20 

Full  Open 

7500 

9 

Z-1* 

Gosed 

VOS- 10 

9500 

10 

Z-1* 

Open 

VOS- 10 

9000 

j . * Afterburner  Zones 

**on  verge  of  stall 

r 
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Engine  Run: 

The  actual  engine  test  program  which  was  run  is  detailed  below  in  chronological  order: 


Date 


Event 


Composite  Blade 
Total  Run  Time 
To  Date  (Hrs) 


Remarks 


9-22-72 

Completed  Engine  Building 

0 

Engine  Built  to  TF30  P-9  Confi- 
guration with  Deviations  as  Noted 

in  Section  HI. 

Installed  in  Sea  Level  Test  Stand 
X-234 

9-25-72 

Baseline  Blade  Inspection 

On-stand  Blade  Inspection  Per- 
formed 

All  Blades  OK 

9-27-72 

Initiated  Strain  Gage 

Program 

0 

Strain  Gage  Data  Recorded 

9-29-72 

Shutdown  for  Minor 

Engine  Repair 

1.58 

2.8  Mil  Max  Inlet  Vibration  Re- 
duced by  Trim  Balance  to  Accep- 
table Level  of  1.6  Mil. 

Completed  On-stand  Blade  Inspec 
tion  OK 

10-2-72 

Restarted  Strain  Gage 

Program 

1.58 

10-3-72 

Shutdown  for  Minor 

Engine  Repair 

3.58 

Strain  Gage  Leads  Repaired 

Permanent  Trim  Balance  Wgts. 
Added  to  Engine 

3rd  Stage  Removed  From  Engine 

Fan  Stage  Reassembled 

10-12-72 

Restarted  Strain  Gage 
Program 

3.83 

Installed  Distortion  Screen  58A 
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Composite  Blade 


Date 

Event 

Total  Run  Time 
To  Date  (Hrs) 

Remarks 

10-23-72 

Completed  Strain  Gage 
Program 

8.24 

Remove  Distortion  Screen 

Install  Performance  Instrumenta- 
tion 

10-26-72 

Initiated  Performance 
Calibration 

8.24 

Single  10th  Compressor  Blade 
Failed  Prematurely 

10-27-72 

10  C Blade  Failure 

18.74 

Single  10th  Compressor  Blade 

Failed  Prematurely 

Not  Composite  Blade  Related 

Initiated  Complete  Teardown  and 
Rebuild  of  Engine 

Replaced  Following  Parts: 

Name  P/N  Quantity 

I/C  616154  1 

10th  Bid.  5767 lOA  73 

lOthSta.  581950D  I 

Trans.  594334 
Duct 

Heat  589642  8 

Shield 

Combust.  SKL  56785  2 

Chamber  635790  1 

635791  1 

SKL  56770  4 

1st  Turb.  667451  15 

Vane  SKL  56324 
SKL  57181 

1st  Turb.  679301 
Blade  SKL  52963 
674301 
SKL  51525 


674301  108 
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Composite  Blade 
Total  Run  Time 

Date  Event  To  Date  (Hrs)  Rem.arks 

3rd  Turb.  651103  2 

Blade 


Bench  Blade  Inspection  OK 


12-12-72 

Completed  Engine  Rebuild 

18.74 

Installed  X-433  Build  25  in  X- 
234  Test  Stand 

12-14-72 

Initiated  Short  Performance 
Calibration 

18.74 

Post-build  Performance  Check- 
out OK 

12-15-72 

Initiated  Endurance  Testing 

23.16 

12-20-72 

Completed  Endurance 

Testing 

73.16 

Installed  Performance  Instrumen- 
tation 

12-20-72 

Completed  Compressor 

Blade  Portion  of  Back-to- 
Back  Full  Performance 
Calibration 

79.82 

Replaced  Composite  3rd  Rotor 
with  B/M  3rd  Rotor 

Performance  Data  Recorded  in 
Section  V 

12-28-72 

Completed  B/M  Portion  of 
Back-to-Back  Performance 
Calibration 

79.82 

Removed  Performance  Instrumen- 
tation 

Installed  Distortion  Valve 

Bench  Composite  Blade  Inspec- 
tion OK 

1-4-73 

Completed  B/M  Blade 

Portion  of  Stall  Tolerance 
Program 

79.82 

Stall  Tolerance  Data  Recorded 

Reinstalled  Composite  3rd  Rotor 

1-10-73 

Completed  Composite 

Portion  of  Stall  Tolerance 
Program 

94.80 

1-11-73 

Completed  Steady  State 
Cruise  Condition  (75% 
Normal  Rated  Power) 

100.05 

Initiated  Post  Test  Inspection 

■ v^3r:a:T 
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The  final  inspection  conducted  on  the  engine  blades  was  performed  at  the  completion  of  1 00 
hours  of  engine  testing.  The  inspection  procedure  included  visual, ultrasonic,  and  eddy  current 
inspection  as  well  as  frequency  checks,  x-ray,  and  dimensional  inspection.  Tliis  inspection 
was  performed  with  the  blades  removed  from  the  disk. 

Post  test  visual,  ultrasonic,  eddy  current  and  X-ray  evaluation  of  the  complete  set  of  engine 


blades  revealed  no  degradation.  Post  test  frequency  results  were  compared  to  pre-test  data 
for  the  individual  blades  with  the  following  results; 

■ 

Frequency 

Max  % Frequency  Drop 

Avg.  % Frequency  Drop 

1st  Bending 

2.8 

1.36 

( 

2nd  Bending 

4.1 

2.06 

! 

j; 

1st  Torsion 

2.3 

1.37 

li 

1 

The  individual  blade  data  are  recorded  in  Table  1 1 .1-111. 

It  should  be  noted  that  in  general  the  nine  instrumented  blades  (E-143,  -137,  -133,  -131,  -130, 
-128,  -139,  -127,  -126)  exhibit  above  average  frequency  drops  in  all  three  modes.  Since  pre- 
to-post-test  evaluation  of  these  nine  blades  required  an  additional  stripping  operation  to  remove 
the  instrumentation  adhesive,  this  operation  may  have  affected  the  results  (possible  incomplete 
stripping  resulting  in  change  of  mass)  and  would  tend  to  make  the  reported  averages  conservative. 

The  data  recorded  in  Table  1 1.1-111  does  not  include  the  results  recorded  for  eight  blades  (E-1 19. 
-145,  -123,  -107,  -144,  -95,-100,  -79).  The  eight  blades  required  epoxy  coating  to  replace  the 
outer  aluminum  layer  inadvertently  removed  during  fabrication,  thus  changing  their  stiffness/ 
mass  configuration  and  invalidating  pre-test  frequency  results.  AH  blade  pre  and  post  test 
frequencies  are  within  blueprint  specification  limits,  including  the  epoxy  coated  blades 
(Table  1 1 .1-lV).  Post-test  dimensional  evaluation  of  the  engine  blade  set  consisted  of  measum- 
ment  of  stacking  point  offset  and  chord  angle  at  blade  radial  station  J-J,  located  near  the 
blade  tip. 

Since  blade  charting  was  not  a standard  part  of  the  blade  selection  process  when  this  blaae  set 
was  compiled,  pretest  measurement  data  was  not  available  for  comparative  analysis.  The  post- 
test measurement  results  are  recorded  in  Table  1 1 .1-V.  However,  subsequent  pretest  data 
compiled  for  later  blades  in  this  program  show  similar  results,  indicating  negligible  dimensional 
deviations  due  to  engine  test  conditions.  About  20  percent  of  all  blades  fabricated  under 
this  program  were  charted  subsequently. 
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TABLE  11.1 -III 

TF30  COMPOSITE  BLADE  SET  #1 
Frequency  Shift 

Due  to  100  Hr.  Subsonic  Engine  Test 


1st  Bending 2nd  Bending  1st  Torsion 


Blade 

No. 

Before 

Test 

After 

Test 

A 

Freq. 

%A 

Before 

Test 

After 

Test 

A 

Freq. 

%A 

Before 

Test 

After 

Test 

A 

%A 

105 

140 

138 

2 

1.4 

441 

439 

2 

0.4 

948 

940 

8 

0.8 

109 

141 

140 

1 

0.7 

452 

439 

13 

2.8 

967 

956 

11 

1.1 

120 

139 

138 

1 

0.7 

453 

435 

18 

3.9 

955 

943 

12 

1.2 

143 

141 

139 

2 

1.4 

456 

439 

17 

3.7 

953 

940 

13 

13 

137 

137 

134 

3 

2.1 

437 

428 

9 

2.0 

953 

931 

22 

2.3 

162 

138 

138 

0 

0 

441 

434 

7 

1.5 

945 

935 

10 

1.0 

99 

143 

141 

2 

1.3 

462 

443 

19 

4.1 

983 

968 

15 

1.5 

158 

140 

141 

0 

0 

444 

443 

1 

0.2 

975 

958 

17 

1.7 

133 

140 

136 

4 

2.8 

444 

434 

10 

2.0 

955 

937 

18 

1.8 

111 

143 

142 

1 

0.6 

460 

445 

14 

3.0 

985 

971 

14 

1.4 

121 

143 

141 

2 

1.3 

462 

448 

14 

3.0 

981 

967 

14 

1.4 

131 

141 

139 

2 

1.4 

444 

435 

9 

2.0 

966 

952 

14 

1.4 

130 

139 

136 

3 

2.0 

442 

431 

11 

2.4 

957 

942 

15 

1.5 

160 

143 

140 

3 

2.0 

443 

441 

2 

0.4 

969 

949 

20 

2.0 

98 

142 

141 

1 

0.7 

458 

440 

18 

3.9 

982 

968 

14 

1.4 

128 

134 

132 

2 

1.4 

43-: 

424 

8 

1.8 

929 

919 

10 

1.0 

156 

143 

141 

2 

1.3 

443 

445 

0 

0 

961 

960 

4 

0.4 

157 

140 

138 

2 

1.4 

441 

440 

1 

0.2 

952 

937 

15 

1.5 

139 

137 

134 

3 

2.1 

442 

431 

9 

2.0 

931 

919 

12 

1.2 

127 

137 

134 

3 

2.1 

434 

423 

11 

2.5 

968 

952 

16 

1.6 

126 

140 

136 

4 

2.8 

443 

433 

10 

2.0 

946 

934 

12 

1.2 

80 

139 

138 

1 

0.7 

451 

437 

14 

3.1 

966 

953 

13 

1.3 

81 

141 

138 

3 

2.1 

449 

441 

8 

1.7 

957 

945 

12 

1.2 

103 

139 

137 

2 

1.4 

455 

442 

13 

2.8 

962 

950 

12 

1.2 

106 

140 

138 

2 

1.4 

453 

435 

17 

3.7 

963 

950 

13 

1.3 

161 

141 

141 

0 

0 

442 

439 

3 

0.6 

969 

952 

17 

1.7 

86 

142 

140 

2 

1.4 

443 

436 

7 

1.5 

965 

950 

15 

1.5 

165 

140 

138 

2 

1.4 

439 

437 

2 

0.4 

941 

926 

15 

1.5 

Avg. 

2.0 

1.36 

Avg. 

9.54 

2.06 

Avg. 

13.68 

1.37 

Blueprint  Tolerance  130115  410  min.  850  min. 
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TABLE  II  I -IV 

TF30  COMPOSITE  BLADE  SET  #1  FREQUENCY  SHIFT 
Due  to  1 00  Hr.  Subsonic  Engine  Test 


i 


1st  Bending 


T * 

Blade 

Before 

After 

A 

• ' 

No. 

Test 

Test 

Freq. 

%A 

119 

141 

135 

6 

4.2 

• 

145 

138 

132 

6 

4.3 

123 

144 

137 

7 

4.8 

• 

107 

138 

133 

5 

3.5 

144 

140 

134 

6 

4.2 

j 

95 

138 

132 

6 

4.3 

4 

110 

139 

133 

6 

4.3 

79 

142 

136 

6 

4.2 

Avg. 

6 

4.24 

Epoxy  Coated  Blades  Only 


2nd  Bending 1st  Torsion 


Before 

Test 

After 

Test 

A 

Freq. 

%A 

Before 

Test 

After 

Test 

A 

Freq. 

%A 

456 

423 

33 

7.2 

964 

932 

32 

3.3 

452 

417 

35 

7.7 

941 

905 

36 

3.8 

455 

431 

24 

5.2 

979 

945 

34 

3.4 

443 

412 

31 

6.9 

968 

935 

33 

3.4 

458 

426 

32 

6.9 

953 

925 

28 

2.9 

445 

416 

29 

6.5 

956 

926 

30 

3.1 

445 

413 

32 

7.1 

957 

925 

32 

3.3 

457 

427 

30 

6.5 

979 

949 

30 

3.0 

Avg. 

30.75 

6.75 

Avg. 

31.88 

3.28 

I 

r 
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TABLE  11. 1-V 
BLADE  SET  #1 
POST  TEST  AIRFOIL  DATA 


Section  J-J 


Blade 

Stack  Pt. 

Offset 

Chord 

Angle 

A Offset 

A Angle 
Minutes 

135 

+.44 

22° 

-.08 

+80 

137 

+.49 

21°  34' 

-.03 

+54 

158 

-.72 

20°  52' 

+.20 

+ 12 

156 

+.10 

21°  22' 

-.42 

+42 

128 

+.55 

22°  24' 

+.03 

+ 104 

98 

+.63 

21°  24' 

+.11 

+44 

110 

+.31 

18°  34' 

-.21 

-126 

95 

+.67 

20°  52' 

+.15 

+ 12 

162 

+.37 

21°  54' 

-.15 

+74 

139 

+.94 

23°  40' 

+.42 

+ 180 

120 

+.66 

22°  34' 

+.14 

+ 1 14 

81 

+.62 

22° 

+.10 

+80 

126 

+.36 

21°  30' 

-.16 

+50 

105 

+.75 

23°  12' 

+.23 

+152 

127 

+.93 

21°  24' 

+.41 

+54 

103 

+.58 

22°  46' 

+.06 

+ 1 26 

86 

+.50 

20° 

-.02 

-40 

107 

+.48 

20° 

-.04 

-to 

144 

+.59 

22°  18' 

+.07 

+98 

109 

+.80 

20°  46' 

+.28 

+6 

123 

+.06 

20°  46' 

-.46 

+6 
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TABLE  ll.l-v  (Coin’d) 

Section  J-J 

Stack  Pt.  Chord  A Angle 


Blade 

Offset 

Angle 

A Offset 

Minutes 

121 

+.98 

21°  14' 

+.46 

+34 

131 

+.48 

21°  52' 

-.04 

+72 

130 

+.50 

22°  14' 

-.02 

+94 

80 

+.78 

o 

o 

O 

+.26 

+0 

79 

+.59 

20°  36' 

+.07 

■4 

165 

+.46 

21°  38' 

-.06 

+58 

111 

+.49 

20°  52' 

-.03 

+ 12 

161 

+.35 

20°  38' 

-.17 

.2 

I 19 

+.48 

21°  24' 

-.04 

+44 

99 

+.70 

21°  40' 

+.18 

+60 

160 

+.48 

O 

O 

-.04 

+60 

145 

+.60 

22°  26' 

+.08 

+ 106 

157 

+.76 

O 

O 

+.24 

+ 130 

99 

+.83 

21°  22' 

+.31 

+42 

143 

Not  Charted 

Average  Deviation 

.17 

51 

Tolerance 

.45 

42' 

Ave.  Dev. 

Tol. 

.38 

1.21 

Max.  Dev. 

1.02 

4.30 

Tol. 
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M . 1 .4  "Piggyback"  Sea-Level  Testing 

In  the  period  Junc-Augiist,  1^)73,  Blade  Set  No.  1 was  installed  in  TI^^O-P-^^  experiinenlui 
engine  X-4b7  and  subjected  to  a total  of  264  hours  of  piggyback*  cyclic  endurance  testing. 
Tire  test  eycles  were  standard  P-*)  six-hour  endurmice  cycles,  shown  in  Figure  11.1-5.  For  a 
standard  150-hour  endurance  test.  25  such  cycles  would  be  performed.  Set  No.  1 was  sub- 
jected to  one  such  150-hour  test.  After  1 14  hours  of  the  second  test,  the  test  was  terminated 
due  to  an  engine  problem  unrelated  to  the  blades. 

At  this  point  Blade  Set  No.  1 had  a total  of  364  hours  of  sea-level  test  time,  all  but  50  being 
cyclic  endurance.  Non-ilestructive  inspection  of  the  blades  at  this  time  revealed  1 2 blades 
to  have  leading  edge  cracks  just  above  the  platform;  the  maximum  length  of  these  cracks 
was  3/8  inch  (Table  1 1.1 -VI).  Because  of  the  presence  of  these  .small  cracks,  the  contractor 
a'commended  that  any  blades  involved  in  subsequent  (light  programs  be  bench  inspected 
after  200  hour.v  of  (light  time.  Table  1 1 . 1-Vll  presents  the  364-hour  frequency  loss  of  the.se 
blades,  all  remained  within  design  tolerances. 

Before  starting  the  piggyback  testing,  one  blade  was  deliberately  damaged  by  impacting  it 
with  inch  gravel  in  a spin  pit  at  100  percent  speed.  The  damaged  area  was  then  blended 
to  maximum  blend  limits  allowed  for  B/M  blades.  After  264  hours  of  testing  this  blade  ex- 
hibited no  distress. 

TABLE  ll.l-Vl 
X-RAY  RESULTS 
SET  NO.  1 AFTER  364  HOURS 


Fillet  Area  Cracks  Only 


Blade  No. 

Pretest 

Post  Test 

81 

None 

1/8  inch  LE 

105 

None 

1/8  inch  LE 

109 

None 

1/16  inch  LE 

111 

None 

3/16  inch  LE 
1/4  above  fillet 

126 

None 

3/16  inch  LE 

130 

None 

1/8  inch  LE 

144 

None 

3/8  inch  LE 

145 

None 

3/8  inch  LE 

156 

None 

1/8  inch  LE 

157 

None 

1/4  inch  LE 

16? 

None 

1/8  inch  LE 

166 

None 

3/32  inch  LE 

'•••  k I.  to  Njite  testing  tx-rfonned  as  an  adjunct  to  other  engine  testing,  at  no 
'In.  ..i»ii,i.  I In  this  casiv  the  engine  was  being  iisc'd  to  investigate  improve- 
'•  f rtin(r.iin  Thest-  items  are  presented  in  paragrapli 
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TABLIi  ll.I-Vll 
NATURAL  FREQUENCIES 
SET  NO.  1 AFTER  364  HOURS 


I St  Bending  2ncl  Bending  1st  Torsion 

Bbdi'  No.  Protest  Po-sf  Test  % Chatifie  Pretest  Post  Test  % Change  Pretest  Post  Test  % Change 


79 

142 

137 

3.5 

457 

429 

6.1 

979 

959 

2.0 

80 

139 

139 

0.0 

451 

436 

3.3 

966 

962 

0.4 

81 

141 

139 

1.4 

449 

439 

2.2 

957 

954 

03 

86 

142 

140 

1.4 

443 

436 

1.6 

965 

961 

0.4 

95 

138 

133 

3.5 

445 

417 

6.1 

956 

937 

2.0 

98 

142 

142 

0.0 

458 

442 

3.5 

982 

978 

0.4 

99 

143 

142 

0.7 

462 

446 

3.5 

983 

978 

0.5 

103 

139 

138 

0.7 

455 

441 

3.1 

962 

960 

0.2 

105 

140 

139 

0.7 

441 

440 

0.2 

948 

952 

+0.4 

106 

140 

139 

0.7 

453 

437 

3.5 

963 

959 

04 

107 

138 

133 

3.5 

443 

415 

6.1 

968 

946 

2.3 

109 

141 

140 

0.7 

452 

437 

3.3 

967 

963 

0.4 

110 

139 

134 

3.5 

445 

416 

6.5 

957 

937 

2.0 

111 

143 

143 

0.0 

460 

446 

3.1 

985 

988 

♦ 0.3 

119 

141 

135 

4.3 

456 

422 

7.5 

964 

943 

2.3 

120 

139 

139 

0.0 

453 

437 

3.5 

955 

954 

0.1 

121 

143 

142 

0.7 

462 

450 

2.6 

981 

979 

0.2 

123 

144 

137 

4.9 

455 

432 

5 1 

979 

958 

2.2 

126 

140 

137 

2.1 

443 

434 

2.0 

946 

946 

0.0 

127 

137 

135 

1.4 

434 

428 

1.4 

968 

965 

0.3 

128 

134 

132 

1.4 

432 

424 

1.9 

929 

929 

0.0 

130 

139 

137 

1.4 

442 

436 

1.4 

957 

954 

0.3 

131 

141 

139 

1.4 

444 

437 

1,5 

966 

964 

0.2 

133 

140 

137 

2.1 

444 

435 

2.0 

955 

948 

0,7 

137 

137 

135 

1.4 

437 

428 

2,0 

953 

945 

08 

139 

137 

135 

14 

442 

433 

2.0 

931 

929 

0.2 

143 

141 

139 

1,4 

456 

438 

3 9 

953 

950 

0.3 

144 

140 

135 

3.5 

458 

429 

6.5 

953 

936 

1.8 

145 

138 

133 

3.5 

452 

422 

6.6 

941 

920 

2.1 

156 

143 

143 

00 

443 

445 

♦0.4 

964 

973 

+0.9 

157 

140 

139 

0.7 

441 

437 

09 

952 

949 

0.3 

158 

140 

141 

*0.7 

444 

422 

5,0 

957 

968 

+ 1.1 

160 

143 

141 

1.4 

443 

444 

♦ 0 1 

969 

960 

0.0 

161 

141 

140 

0.7 

442 

437 

1.0 

961 

961 

00 

162 

138 

140 

♦ 1.4 

441 

437 

0.9 

945 

947 

+0,2 

165 

140 

139 

0.7 

439 

439 

0,0 

941 

939 

0.2 

Avg. 

Change 

1.4 

3.0 

05 

B/P  Tol. 

1st  Bending 

Mode  130 

* 15 

cvcl*’S''ser 

2ml  Bending  Mode  410  min  cvcles/sci- 
Ist  Torsion  Moile  850  min  eycles/sec 
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1 1 .2  SUPERSONIC/ALTITUDE  TEST  PROGRAM 


Blade  Set  No.  2 was  used  for  engine  testing  at  supersonic  and  altitude  conditions.  The  flight 
envelope,  shown  in  Figure  1 1 .2-1 , of  the  F-1 1 1 A aircraft  was  explored  at  its  three  “comers”. 
Mn  0.7,  33,000  ft.;  Mn  2.2,  56,000  ft;  and  Mn  1 .2,  sea  level.  These  represent,  respectively, 
the  highest  blade  speed,  the  highest  blade  temperature,  and  the  highest  blade  loading.  All 
three  conditions  were  checked  out  in  a stress  survey,  and  the  latter  two  were  performed 
under  endurance  conditions. 

Maximum  blade  speed  was  10,550  rpm;  maximum  blade  temperature  was  467°F  (tip)  and 
406° F (root);  maximum  blade  vibratory  stress  was  6,000  psi,  except  for  a stand-connected 
nonintegral  acoustic  rumble  occurring  at  Mn  1 .2,  sea-level  conditions. 


A total  of  200  hours  was  imposed  on  this  blade  set,  as  shown  in  Figure  1 1 .2-2,  which  included 
the  following  basic  elements: 

• Stress  survey  at  Mn  1 .2,  sea  level,  with  and  without  inlet  distortion. 

• Stress  survey  at  Mn  0.7,  33,000  feet  altitude,  with  and  without  distortion.  ^ 

/ total 

• Stress  survey  at  Mn  2.2  56,000  feet  altitude,  with  clean  inlet.  ' 

• 10-hour  endurance  test  at  Mn  1 .2,  sea  level. 


3 1 -hours 


• 120-hour  endurance  test  at  Mn  2.2,  56,000  feet  altitude. 

The  additional  39  hours  not  accounted  for  were  required  to  set  altitude  conditions  while  the 
engine  was  operating.  Testing  started  in  February,  1973;  and  the  200-hour  program  was  com- 
pleted in  July,  1973. 

Table  1 1.2-1  presents  a chronological  summary  of  liie  progress  of  this  program. 
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TABLE  1 1 .2-1 

SUMMARY  OF  SUPERSONIC  ENGINE  TEST  PROGRAM 


Composite  Engine 
Blade  Set  No.  2 
Total  Run  Time 


Date 

Event 

To  Date  fHoursl 

Remarks 

2-19-73 

Complete  engine  building 

0 

Deliver  to  sea  level  test  stand 
for  installation 

2-23-73 

Complete  sea  level  check-out 

4.51 

Initiated  installation  in  capsule 
for  altitude  running 

Further  delayed  pending  com- 
pletion of  450°F  Goodman 
Diagram 

3-26-73 

Complete  Goodman  diagram  - 
OK  to  run  engine  program 

4.51 

Deliver  to  altitude  test  stand 
for  installation. 

4-5-73 

Baseline  blade  inspection 

4.51 

4-9-73 

Initiate  strain  gage  program 

4.51 

4-11-73 

Shutdown  for  distortion  screen 
installation 

14.34 

Complete  on-stand  blade 
inspection  — OK 

4-13-73 

Continue  strain  gage  program 

14.34 

4-26-73 

Complete  strain  gage  program 

31.34 

Complete  on-stand  blade  inspec- 
tion OK 

Set  up  for  Mn  1 .2  endurance 
program 

4-30-73 

Initiate  Mn  1 .2  sea  level 
endurance 

35.59 

5-3-73 

Completed  10.5  hrs.  of  Mn  1.2 
sea  level  endurance 

57.23 

Initiate  engine  hot  section 
inspection 

5-8-73 

Remove  fan  stage  for  composite 
blade  bench  inspection 

57.23 

Severe  composite  blade  tip  rub 
noted  - caused  by  test  setup 
mount  scheme 

5-18-73 

Completed  composite  blade  bench 
inspection 

57.23 

Replaced  seven  blades  exhibiting 
fillet  cracks 
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TABLE  11.2-1  (Cont’d) 


Date 

Event 

5-24-73 

Completed  engine  rebuild 

6-14-73 

Initiate  short  performance 
calibration 

6-18-73 

Initiate  Mn  2.2,  56,000  feet 
altitude  endurance 

7-25-73 

Completed  Mn  2.2, 56,000  feet 
altitude  endurance 

Composite  Engine 
Blade  Set  No.  2 

Total  Run  Time 

To  Date  (Hours) 

Remarks 

57.23 

Further  testing  delayed  pend- 
ing availability  of  test  facility 

57.23 

62.73 

200 

End  of  test 

The  engine  was  mounted  in  altitude  test  stand  X-210  shown  in  Figure  1 1 .2-3.  This  stand  has 
provisions  for  controlling  the  inlet  temperature  and  pressure,  and  discharge  pressure  to  sim- 
ulate the  various  flight  altitudes  and  Mach  numbers  at  which  the  TF30  engine  operates. 

The  36  blades  selected  for  this  set  are  listed  in  Table  1 1 .2-11,  along  with  pertinent  inspection 
and  test  data  about  the  BORSIC®/aluminum  tape  and  blades.  After  approximately  57  hours 
of  running,  evidence  of  a severe  blade  tip  rub  was  discovered  and  seven  blades  were  damaged, 
as  described  below. 

After  running  10.5  hours  of  sea-level  endurance,  the  engine  was  opened  for  a hot  section 
inspection  and  composite  third-stage  fan  blade  inspection.  When  the  third-stage  rotor  was 
removed,  inspection  revealed  that  severe  blade  tip  rubbing  had  occurred  between  the  third- 
stage  blades  and  the  fan  exit  case  fiberglass  rubstrip.  The  most  severe  rub  (approximately 
0.090  inch  deep)  occurred  at  the  10  o’clock  (clockwise  from  the  rear)  position  on  the  fan 
exit  case  shown  in  Figure  1 1 .2-4.  This  point  is  just  forward  of  the  thrust  puck  which  absorbs 
engine  thrust  and  transmits  it  to  the  mount  hardware.  Since  the  blade  rubbed  most  severely 
at  this  point,  the  fan  exit  case  had  to  be  deformed  during  some  engine  operating  condition. 
Most  likely  the  Mn  1 .2,  sea  level,  afterburning  condition  was  the  point  at  which  the  tip  rub- 
bing occurred  because  the  engine  thrust  and  rotor  speeds  were  at  the  maximum.  Tliere  was 
also  evidence  that  the  axial  clearance  between  the  engine  inlet  hardware  and  the  bellmouth 
was  reduced  to  zero,  since  the  bellmouth  had  a large  axial  crack  at  the  same  angular  location 
as  the  thrust  puck.  Assuming  clearance  was  zero,  the  bellmouth  could  transmit  a compressive 
load  to  the  fan  exit  case,  thus  causing  it  to  distort.  This  compressive  load  in  combination 
with  the  thrust  puck  load  caused  the  most  severe  distortion  at  the  thrust  puck  location,  which 
is  close  to  the  third-stage  fan  blade  fiberglass  rubstrip. 

Since  there  are  areas  of  the  third-stage  blade  rubstrip  which  exhibited  no  blade  rub  at  all, 
the  rubbing  was  not  caused  by  the  third-stage  blades.  The  fault  apparently  lies  with  the 
mount  system  which  distorted  the  third-stage  blade  rubstrip  at  some  running  condition. 
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Non-destructive  examination  of  the  third-stage  fan  blades  revealed  seven  blades  which  ex- 
hibited fillet  cracks  due  to  the  severe  tip  rub.  The  results  of  a complete  destructive  examina- 
tion of  one  of  these  blades  are  contained  in  Section  1 1.2.5.  The  seven  blades  (Nos.  82,  85,  89. 
148,  163,  184,  196)  were  replaced  with  seven  new  blades,  which  are  listed  in  Table  1 1.2-III. 

After  rebuilding,  the  engine  completed  Mn  2.2,  56,000  feet  altitude  endurance  testing,  which 
was  the  final  element  of  the  program. 

1 1 .2.1  Engine  X-433-26  Build  Summary 

The  subject  engine  was  assembled  to  the  TF30-P-9  configuration  in  order  to  run  endurance  at 
Mach  1 .2  sea  level  and  Mach  2.2  altitude  on  the  BORSIC®/aluminum  composite  material 
third -stage  fan  blades.  In  addition  to  the  endurance  program,  a strain  gage  stress  survey  was 
made  with  and  without  distortion  screens. 

The  build  started  on  January  30,  1973,  and  was  completed  and  delivered  to  X-231  stand 
for  sea-level  checkout  on  February  19,  1973. 

The  engine  had  been  disassembled  only  for  third  fan  replacement,  hot  section  repair,  and 
tailcone  replacement.  A list  of  major  part  changes  and  reoperations  follows. 


11.2.1.1  Low-Pressure  Compressor 


Name 

Part 

Added 

From 

Time 

Part 

Cancelled 

Sent  To 

3rd  Blades 

713603 

F/S 

0 

713603 

U/S 

Cover 

SKL57492 

F/S 

0 

(covers  fan  inspection  part) 

Reoperations 

1 . 2-3  airseal  was  reoped  to  machine  radii  into  strain  gage  lead  out  slots. 

2.  7 third  fan  blades  were  strain  gaged. 

11.2.1.2  Turbine 


Name 

Part 

Added 

From 

Oil  Filter 

692385 

X-541 

Cover 

Oil  Filter 

SKL55546 

F/S 

High  Tension 

516021 

Lab 

Lead 

S/N296 

Igniters 

519348C 

Lab 

S/N137,156 

Part 

Cancelled 

Sent^To 

Time 

9382-4175 

X^67 

98.66 

SKL55546 

X-467 

98.66 

516021  S/N 

Lab 

519348C 

Ub 

S/N117,249 
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Reoperations 

1 . Weld  repaired  outer  transition  duct  on  engine. 

2.  Weld  repaired  burner  cans  #1,  2,  3,  8. 


11.2.1.3  Afterburner 


Part 

Part 

Name 

Added 

From 

Time 

Cancelled 

Sent  To 

Time 

Tailcone 

596820B 

SKL57470 

F/S 

0 

596820 

U/S 

618.56 

Z-5  Spray 
Ring 

576775, 

SKL55951 

F/S 

0 

576775 

u/s 

1491.29 

1 1 .2. 1 .4  PSP  Items  Incorporated 

1.  “1st  Turbine  Blade  Life  Improvement”,  Item  C-68;  Evaluation  of  PWA  1459  jlades 
compared  to  PWA  663  and  PWA  1455  blades. 

2.  “1st  Stage  Turbine  Nozzle  Vane  Cracking”,  Item  C-7A;  Full  O.D.  cap  vanes  reoperated 
with  cooling  holes  for  increased  air  movement  to  be  compared  with  full  cap  vanes  without 
cooling  holes. 

3.  “Zone  5 Spray  Ring  Cracking”,  Item  D-92;  Zone  5 spray  ring  relocated  downstream  to 
eliminate  autoignition.  Also  included  is  the  6 point  bolt-on  retention  feature  per  ECP 
279026  and  L-96394. 

4.  “Afterburner  Tailcone  Burning”,  Item  D-93;  Tailcone  rear  I.D.  coated  with  magnesium 
zirconate  to  eliminate  burning. 

5.  “Multi-nozzle  Burner  Durability”,  Item  B-17;  Centertubes  of  M.E.R.L.  71 1 material 
installed  to  reduce  burning,  and  louvers  dimpled  downstream  of  crossover  tubes  to 
reduce  warping. 
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* 1 1.2.2  Vibratory  Stress  And  Temperature  Survey 

Blade  Set  No.  2 was  installed  in  TF30-P-9  Engine  X'433-26  to  undergo  testing  directed 

* toward  deteniiining  the  vibratory  stress  characteristics  and  radial  temperature  profile  of  the 
third-stage  BORSlC®/aluminuni  fan  blades  under  simulated  altitude  conditions.  The  blades 
were  first  tested  to  determine  the  stress  and  performance  characteristics  at  various  inlet  con- 

• ditions.  They  were  then  subjected  to  a 10-hour  endurance  test  at  Mn  1 .2,  sea-level  conditions 
and  a 120-hour  endurance  test  at  Mn  2.2,  56,000-feet  altitude,  inlet  conditions. 

• Tlie  results  of  the  tests  indicated  that  the  blade  stress  levels  measured  at  simulated  altitude 
conditions  within  the  engine  tliglit  envelope  were  acceptable.  High  nonintegral  stresses 
were  observed  outside  of  the  flight  envelope,  just  off  idle  speed,  but  were  considered  to  be 

» a test  stand-connected  acoustic  rumble. 


11.2.2.1  Blade  Instrumentation 

Ten  of  the  36  composite  blades  tested  were  instrumented. 

Twenty  six  M-M  WD-DY-1 26-AD-350-B-87  foil  strain  gages  were  installed  with  M-610 
adhesive.  Figure  1 1 .2-5  shows  the  installation,  while  Table  1 1 .2-lV  presents  information 
about  the  strain  gage  locations  and  lists  the  blades  to  which  they  were  attached.  The  in- 
termediate leads  of  five  mil  nickel-clad  copper  were  silver  soldered  to  the  manufacturers 
gage  leads  and  routed  down  the  airfoil.  The  lead  was  then  spliced  to  Kapton  wire  using 
GA-60  adhesive  for  piecoat  and  overcoat.  Tliese  leads  were  then  ducted  to  the  slip  ring. 

TABLE  1 1 .2-lV 
STRAIN  GAGE  SUMMARY 

THIRD-STAGE  FAN  BLADE  SIMULATED  FLIGHT  TEST 
Gage  Type  WD-DY-1 25 AD-350- 


Gage  Number 

Gage  Location 

Blade  S/N 

Disk  Slot  Number 

1 

RMT-CX 

178 

1 

2 

RTE4:C 

3 

RLE-CC 

4 

TMT-CX 

5 

RMT-CS 

175 

36 

6 

RTE-CC 

7 

RLE-CC 

8 ' 

TMK'X 

9 

RMT-CX 

179 

5 

10 

1 I 

RTE-CC 

RLE-CC 

12 

15%MT-CX45° 

« ■ 

1 

13 

RMT-CX 

171 

8 

14 

RTE-CC 

IS 

RLE-CC 

i: 

lb 

15%MT-CX45° 

255 

kt 
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TABLE  11. 2-IV  (Cont’d.) 


Gage  Number 

Gage  Location 

Blade  S/N 

Disk  Slot  Number 

17 

RMT-CX 

182 

9 

18 

RTE-CC 

19 

RLE-CC 

20 

15%MT-CX45° 

21 

™t-cx 

180 

19 

22 

RLE-CC 

23 

RMT-CX45° 

24 

TMT-CX 

169 

12 

25 

RLE-CX 

26 

RMT-CX45° 

RMT  = 

root  maximum  thickness  RLE  = 

root  leading  edge 

CC  = concave 

RTE  = 

root  trailing  edge 

TMT  = 

tip  maximum  thickness 

CX  = convex 

In  addition  to  the  strain  gages,  ten  five-mil  chromel/alumel  ungrounded  thermocouples 
with  tackwelded  junctions  were  installed  using  GA-60  adhesive.  Figure  1 1 .2-6  shows  how 
the  thermocouples  were  installed  while  Table  1 1 .2-V  lists  the  blades  to  which  they  were 
attached  and  their  locations.  The  thermocouples  were  routed  down  the  airfoil  using  GA- 
60  cement  for  precoat  and  overcoat,  where  they  were  spliced  to  chromel/alumel  duplex 
by  tackwelding.  The  wires  were  then  ducted  to  the  slip  ring. 

TABLE  11. 2-V 

THERMOCOUPLE  SUMMARY 
THIRD-STAGE  FAN  BLADE  SIMULATED  FLIGHT  TEST 

Type  5 Mil  C/A 


Disk 

Thermocouple 

T/C  Location 

Blade  S/N 

Slot  No. 

A 

MS-MC-CC 

169 

12 

B 

W R-MC-CC 

176 

■> 

C 

MS-MC-CC 

D 

W T-MC-CC 

E 

'A"  R-MC-CC 

167 

3 

F 

MS-CC-CC 

G 

T-MC-CC 

H 

a"  R-MC-CC 

181 

18 

I 

MS-MC-CC 

J 

W R-MC-CC 

MS  = mid  span  R = root 

MC  = mid  chord  T = tip 
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A No.  16  Aeroquip  hose  with  manifold  was  used  to  duct  air  to  help  cool  the  slipring  cavity 
during  the  heated  mns.  Four  chromel/alumel  cable  duct  thermocouples  and  two  CEC 
4-1 18  velocity  transducers  were  installed  to  monitor  the  slipring  and  cable  environment. 
Thermocouples  and  velocity  pickups  to  monitor  slip  ring  operation  were  also  installed. 

1 1 .2.2.2  Test  Sequence 

Following  an  instrumentation  check  run  at  static,  sea-level  conditions,  the  test  w^s  conducted 
in  accordance  with  the  procedures  presented  in  paragraph  1 1.2.3  of  this  document.  To  sum- 
marize, the  engine  ran  31-hours  to  conduct  the  stress  survey  (Mn  1.2,  sea  level;  Mn  0.7, 
33,000  ft.;  and  Mn  2.2,  56,000  ft.);  39-hours  to  set  altitude  conditions;  10-hours  at  Mn  1.2, 
sea  level  conditions;  and  1 20-hours  at  Mn  2.2,  56,000  ft. 


11.2.2.3  Test  Results 


Tl\e  results  of  the  preliminary  vibratory  stress  survey  conducted  at  sea-level  static  conditions 
on  22  February  1973  arc  presented  in  Table  1 1.2-Vt. 


TABLE  n .2-Vl 

MAXIMUM  STRESSES  AT  SEA  LEVEL  STATIC  CONDITIONS 


Strain  Gage 
Number 

Gage 

Location* 

Stress 

(psi) 

Order/Frequency 

Nj  Speed 
(rpm) 

25 

RLE-CC 

6,000 

2E 

5650 

5 

RMT-CX 

4,700 

2E 

5700 

10 

RTE-CC 

3,700 

16E 

9100 

21 

TMT-CX 

3,800 

44E 

6750 

* RLE  = root  leading  edge,  RMT  = root  maximum  thickness 
RTE  = root  trailing  edge,  TMT  = Tip  maximum  thickness 
CX;  = concave  surface  XC  = convex  surface 


Figure  1 1 .2-7  are  plots  of  representative  stresses  versus  fan  speed. 

The  maximum  vibratory  stresses  which  occurred  at  significant  engine  operating  conditions 
during  the  altitude  stress  survey  conducted  on  X-210  stand  from  10  April  through  25 
April  1 973  are  presented  in  Figure  1 1 .2-8.  Table  1 1 .2-Vll  presents  a summary  of  the 
maximum  stresses  encountered  during  the  tests  as  indicated  by  the  higliest  reading  strain 
gage  while  Table  1 1.1-VIII  presents  the  maximum  airfoil  temperatures  measured  at  military 
thrust.  The  gage  was  mounted  on  the  blade’s  concave  surface  at  the  root  leading  edge. 


BORSIC  ALUMINUM  THIRD-STAGE  BLADES  MAX  STRESS  SUMMARY 
TF30  ENGINE  X-433-26  IN  X-210  STAND  ALTITUDE  RUNNING 
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Comments 

High  non  iniegrai  stress  occurs  between  6500  • 7S00  RPM 

Fieq.  of  stress  indicated  forced  vibration  below  1st  rrK>de 

High  stress  same  as  above  - apparently  induced  by  test 
stand 

Inlet  conditions  slabiliied 

1 6S  Hz  stress  predominates  i S ksi.  4E  ^ 9 kai 

This  is  stress  at  max.  speed  - not  a peak 

Stress  at  max  rpm  - Not  a peak 

4 pulses  to  4.0  ksi  - Steady  stress  2.8  ksi 

Test  Stand  induced  stress  - See  Above 

This  is  not  peaked  • idle  is  above  2E  peak 

Steady  stress  level 

Transient  • at  lOHz  and  250  Hz  (rirst^endmg  mode  peak  stress) 
Steady  >*20  kit 

Steady 

Steady 

Steady 

Steady 

5700 

7600 

8000 

6500 

7500 

6700 

7100 

7600 

7400 

6500 

7400 

8300 

9500 

7550 

8700 

7500 

8800 

7400 

7400 

6400 

5700 

7800 

4600 

5600 

7750 

" 

z 

/ 

b 

1 

2 

X 

i 

& 

Lb 

165 

165 

165 

165 

165 

165 

165 

165 

260-300 

260-300 

260-300 

260-300 

260-300 

160 

1 

a 

05 

7.5 

4.0 

4.2 

28 

19 

18.6 

25.0 

20-6 

29.6 

16 

23.2 

7.2 

6.0 

9.2 

3.1 

4.0 

2.8 

2.8 

2.8 

2.8 

9.5 

3.0 

11.2 

12.3 

28 

3.4 

5.5 

3,4 

4.8 

7.7 

1.0 

10.5 

3 0 

3.0 

3.0 

3.0 

3.0 

c 

O 

Ui  o 

Accel.  Idle  to  MJ 

Accel.  Idle  to  Mil 

Decel/Accel  Thru 

Full  A/B 

Accel 

Decel 

Accel  Idle  to  Mil 

At  Mil  Zone  1 

At  MU  Zone  2 

At  Mil  Zone  3 

At  MU  Zone  4 

At  Mil  Zone  5 

Oecel  to  Idle 

Accel  • Decet 

Accel  Idle  to  Mil 

Decel  MU  to  Idle 

At  MU  Power 

Zone  1 

Zone  1 

Zone  2 

Zone  3 

Zone  4 

Zone  5 

InJet 

Clean 

Clean 

Clean 

Clean 

Clean 

Gean 

Clean 

63A 

58D 

58D 

Clean 

TJ 

e 

o 

Cu 

T3 

•i 

E 

1 

1 

lA  (A  <A  fA  fA  «ri 

e 

Z 

ri  r- 

O—  — — rs—  bdc5 

Test  Condition 

H 

a 

z 

LblbU.^^  U.  ^“■IbU.U. 

- 1 S § S § g g s 

INUT 

S 1 1 1 1 8 S I 1 1 1 

^ ^ J,  2 

S/C 

Rccotd 

229 

231 

234 

236 

237 

245 

246 

990 

993 

994 
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TABLE  11.2-VIII 

MAXIMUM  AIRFOIL  TEMPERATURES  MEASURED 
AT  MILITARY  THRUST 


Simulated  Conditions 

Inlet 

Tip 

Mean  Section 

Root 

Altitude  (ft) 

MN 

Temperature  °F 

(T/C) 

°F 

(T/C) 

°F 

(T/C) 

°F 

Sea  Level 

1.2 

208 

(D) 

390 

(F) 

323 

(H) 

293 

56.000 

2.2 

308 

(D) 

467 

(C) 

424 

(B) 

406 

33,000 

0.7 

-30 

(D) 

266 

(C) 

214 

(B) 

194 

Table  1 1.2-lX  presents  the  slipring  bearing  and  cavity  maximum  temperatures  recorded  at 
military  thnist  during  the  testing. 
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TABLE  11.2-IX 

MAXIMUM  SUP  RING  BEARING  AND  CAVITY  TEMPERATURES 
AT  MIUTARY  THRUST 


Simulated  Conditions 

Inlet 

S/R  Bearing 

S/R  Cavity 

Altitude  (ft) 

Mn 

Temperature  (°F) 

(°F) 

(°F) 

Sea  Level 

1.2 

208 

104 

100 

56,000 

2.2 

308 

116 

116 

33,000 

0.7 

•30 

104 

97 

Table  1 1.2-X  presents  the  maximum  levels  in  displacement  (±  mils  peak,  40  Hz  to  440  Hz) 
for  the  leadwire  tube  which  carried  the  cables  out  from  the  slip  ring. 


TABLE  1 1.2-X 

DUCTING  CABLE  DISPLACEMENT 


Pickup 

Location 

Elbow,  Vertical 
Elbow,  Horizontal 


N]  Speed 
(rpm) 

0/A 

lEj 

IEr 

(±  Mils) 

(±  MUs) 

(±Mils) 

9250 

1.8 

1.5 

0.5 

9400 

3.2 

2.8 

0.7 

1 1 .2.2.4  Analysis  of  Data 


Co-Quad  analysis  of  the  RLE-CC  strain  gages  was  accomplished  to  determine  the  mode 
shape  of  the  high  nonintegral  stresses  which  occurred.  Phasing  results  show  that  the  data 
satisfies  conditions  for  an  eight  nodal  diameter  wave  traveling  rearward.  The  frequency  of 
the  response  was  less  than  the  third-stage  blade  first  bending  mode  and  is  attributed  to  an 
acoustic  rumble  heard  in  the  stand  during  this  operating  condition. 


1 1 .2.2.5  Regions  of  High  Stress 

During  this  series  of  tests  two  regions  of  high  stress  were  observed  which  merit  special 
discussion. 

In  the  first  region  observed,  fluctuating  stresses  on  the  order  of  25,000  to  30,000  psi 
occurred  over  a speed  range  of  6,500  to  7,500  rpm  at  Mach  No.  1.2,  sea  level  simulated 
operating  conditions.  The  frequency  of  blade  vibration  was  non-integral  between  1 1 5 and 
160  Hz,  which  is  approximately  30  Hz  below  the  third  stage  first  coupled  mode  frequency. 
The  first  coupled  mode  frequency  has  been  experimentally  verified  as  175  Hz  at  5600  rpm, 
which,  with  centrifugal  stiffening,  would  give  a frequency  of  195  to  210  Hz  between  6500 
and  7500  rpm.  It  is  concluded  that  this  high  stress  region  is  a forced  vibration  (since  the 
blade  normal  mode  is  substantially  higher  in  frequency)  and  not  flutter,  and  is  associated 
with  test  stand  engine  coupling  conditions  or  transients.  The  fact  that  a “rumbling”  was 
heard  in  the  control  room  at  the  time  the  stresses  were  high  also  suggests  that  the  vibration, 
is  due  to  stand  conditions. 
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It  IS  li'lt  th.il  this  liinli  stri'ss  is  ol  m'nliRiblc  concern  lor  engine  operation  in  the  airplane, 
because  it  is  api'arently  a plienoinenon  associateil  with  the  test  staiul  aiul  in  ailiiition  at 
sea  level.  M.ich  luiinber  1.2.  the  engine  will  not  be  operating  in  the  speeil  range  where  the 
high  stress  was  observeil. 

Hie  secoiul  area  ol  high  stress  on  thinl-slage  blades  ineriting  special  coninient  is  the  Iran- 
sient  peak  which  occurred  during  /one  1 alterbiirner  light  while  snniilaling  Mach  niiniber 
of  0.7  at  .?3,000  feet  altitude.  Hus  transient  occurred  only  during  /one  I light  and  high 
stress  persisted  lor  appioxnn.itely  2..**  seconds,  and  reached  levels  ini  the  oaler  of  2.*'. 000 
psi.  C lose  examination  of  the  pulse  revealed  that  it  is  comprised  of  five  separate  pulses, 
each  approximately  0..<  secoiuls  in  duration  with  low  stress  periods  in  between.  I'wo  com- 
ponents of  frequency  weiv  pre.seni  in  these  spikes,  blade  first  bending  approximately  250  H/ 
at  a level  of  15,000  to  lb, 000  psi  and,  a very  low  frequency  S to  10  11/  at  a level  estimated 
to  be  20,000  to  25,000  psi.  I'lie  low  Irequency  component  also  appeal^  on  engine  linear 
vibralii'ii  pickups  and  fan  duct  static  pivssuiv  pickups. 

I here  are  no  sla'ss  transients  associated  with  lighting  the  other  four /ones  of  afterburning, 


1 1 .2.3  Altitude  EndiiraiuT  Testing 

Piis  section  outlines  the  altitude  endurance  testing  at  Mn  1.2  and  2.2  conditions  conducted 
on  the  ri'30-P-d  third-stage  BORSlC'^/ahimiiumi  fan  blades  designed  and  fabricated  under 
this  program.  These  tests  were  requireil  by  ('ontract  l’-33b57-70-C'-0b24. 

A composite  fan  blade  design  review  meeting  held  on  12  February  I ‘>73  resulted  in  .some 
ailditions  to  the  original  program  in  order  to  incorporate  distortion  screen  runs  at  Mn  1.2,  sea 
level  and  Mn  0.7,  40,000  feet.  I'lie  revLsed  altitude  program  is  presented  in  the  subsequent 
paragraphs  of  this  document. 


'( 
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Tlu*  engine  was  built  to  the  TF JtO-P-*)  configuration  in  order  to  run  Mach  1 .2  and  Mach  2.2  . 

endurance  testing  on  the  BOR  SIC® /aluminum  composite  material  third-stage  fan  blades  in 
accordance  with  the  requirements  of  Contract  F-33657-70-C-0624.  In  addition,  a sea  level 

functional  and  perfonnance  checkout  was  conducted  before  the  engine  was  delivered  to  the  , 

altitude  facility  lX-210  standi.  During  all  running,  the  composite  blade  strain  gages  were 

monitored. 

In  order  to  complete  this  running,  the  following  sequence  was  used; 

• Normal  Operating  Procedures 

• Stand  Preparation  and  Mount 

• (lieckout  Procedures 

• Sea  Level  Performance  Calibration 

• Altitude  Endurance  Program 

1 1 .2.3. 1 . 1 Normal  Operating  Procedures 

1.  All  adjustments  and  work  was  recorded  on  the  operators  log  slieets  including  all  in- 
cidents of  the  test  such  as  leaks,  vibration,  or  any  other  irregular  functioning  of  the 
engine  or  components. 

2.  The  following  procedure  was  used  for  all  starts: 

a.  Set  starter  air  pressure  at  50-60  psig  measured  at  inlet  to  starter. 

b.  Energize  engine  starter. 

c.  750-800  rjim  Ni  - ignition  switch  on. 

d.  2500  rpm  N-)  - throttle  to  idle. 

e.  Max.  Tt5  - 1300°F 

f.  Check  for  oil  pressure  indication  within  10  seconds. 

g.  Engine  starter  switch-off  (when  start  is  assured)  7000-7500  N2. 

h.  Ignition  switch  - ARS  position. 

i.  Nozzle  position  indicator  - check  for  open. 


j.  Take  an  idle  reading. 
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3.  nie  followins  check  proceilurc  was  usctl  tor  starts  after  lay-up: 

a.  Check  exhaust  nozzle  operation  as  power  lever  is  slowly  inovcil  off  idle.  Nozzle 
sltould  actuate  at  22°  +1°  PL  A. 

b.  Make  a slow  accel  and  check  that  the  12th  bleeds  close. 

c.  Check  seventh  bleed  operation  between  8000  and  S.SOO  N|  observed. 

d.  Continue  the  slow  acceleration  to  mil  power  noting  any  abnonnaJities  in  vib- 
ration, main  oil  pressure,  and  breather  pressure. 

4.  Wet  and  dry  bulb  temperature  and  true  barometer  were  read  every  hour,  except  every 
3 hours  while  on  endurance. 

5.  Oil  samples  were  taken  at  convenient  intervals  during  the  test. 

6.  For  all  power  lever  movements  the  power  lever  was  advanced  or  retarded  as  applicable, 
in  not  more  than  I second. 


|*  11.2.3.1.2  Stand  Preparation  and  Mount 

1.  This  test  was  run  with  a blunt  nose,  coarse  bellmouth  and  inlet  screen  at  sea  level 

' and  modified  as  necessary  at  altitude. 

2.  T/C’s  were  installed  on  the  inlet  screen. 

t 

I . 3.  A full  barrel  of  oil,  PMC  4874,  was  available  at  the  stand. 

' 4.  Fuel  used  was  MlL-J-5lbl  Grade  1 lJP4C). 

1. 

5.  Four  tuel  flow  turbine  meters  (Cox)  were  u.sed  on  this  test. 


2-2"  Cox 
2-V4''  Cox 

Tire  following  parameters  were  recorded  on  a continuous  tatre  monitor  multiplex  system 
(Mars): 


I 

« « 

i: 

1: 


Parameter 


Range 


Remarks 


Time  of  Day 
N, 

N2 

Vibration  (inlet  ca.se) 
Vibration  (diffuser  ca.se) 
Vibration  (rear  ca.se) 


0-11000  rinn 
0-16000  rpm 
4 mils/in 
4 mils/in 
4 mils/in 
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Parameter 


Range 


Remarks 


**54.5 

Wf  (High  Range) 

PLA 

Thrust 

TtS 

Pb 

Nozzle  Position 
Main  Oil  Pressure 


0-200  psig 
2"  Cox  Meter 
0°  - 120° 

0-25000  lbs.  Transducer  at  load  cell 

0-2300°F  Potentiometer 

inside  Brown  Indicator 

0-300  psig 
Open-Closed 
0-60  psig 


6.  Ai Research  starter  Model  ATS  100-23 2 was  used. 

7.  All  stand  fuel  filters  were  cleaned  prior  to  running. 


Mount 

1 . The  engine  was  mounted  per  mount  sheet  left  hand  side  with  2°  - 22°  tilt  and  5° 
rotation  sea  level  and  2°22  tilt  and  0°  roiatioii  at  altitude. 

2.  A blunt  nose  coarse  bellmouth  and  inlet  screen  was  installed. 

3.  The  engine  oil  tank  was  filled  with  5 gal  of  PMC  9874  oil  and  the  batch  number  and 
supplier  were  rer  rded.  The  sight  glass  was  calibrated.  One  half  gallon  oil  was  taken 
as  a sample  from  barrel  at  stand  for  complete  MDL  analysis. 

4.  Two  Vi"  fuel  flow  meters  (Cox)  were  installed  between  the  main  fuel  control  discharge 
and  the  main  fuel  oil  cooler  inlet. 

5.  Two  2”  fuel  flow  turbine  meters  (Cox)  were  installed  at  the  stand  filter  discharge 
in  the  main  fuel  line. 

6.  An  exhaust  nozzle  position  indicator  was  installed  and  calibrated  for  “open”  and 
“closed”. 

7.  Six  Pj2  probes  were  installed  P/N  403104  SKL-39451  (sea  level  only). 

8.  T/C’s  were  installed  on  the  inlet  screen. 

9.  Vibration  pickups  were  installed. 

10.  The  specific  gravity  setting  on  the  fuel  control  and  A/B  meter  was  set  on  JP4C. 

11.  All  instrumentation  was  installed  per  the  instrumentation  sheet. 


12.  Inflight  trim  motors  were  hooked  up. 
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H . .V 1 .3  Sea  l evel  C heck  Out  I'roceJures 

I.  All  ailjust incuts  aiul  work  were  reconleil  on  operator’s  log  sheet.  Operators  log  sheet 
was  carlH>n  backeil  starting  with  the  trim. 

2.  .\11  staiul  fuel  filters  wca'  vented  and  full  of  fuel. 


llte  engine  was  motored  and  the  fuel  system  pressurized  with  the  ignition  off  long 
enough  to  establish  a ctmstant  oil  pressure  and  purge  the  fuel  system  of  air.  A leak 
check  was  made. 

lire  engine  was  motored  without  pressurizing  the  fuel  system  to  dry  the  engine. 

Prior  to  starting  the  engine,  appropriate  personnel  were  notified  to  record  the 
initial  start  and  all  transient  running 

Pie  engine  was  started  per  normal  procedures  fparagraph  1 1.2. .VI). 

An  idle  reailing  was  taken. 

Inspect  engine  for  leaks  at  idle. 

Pie  engine  was  checked  per  normal  procedurcs  (paragraph  11. 2. .VI). 

A slow  accel  to  10,1)00  lb.  was  made  noting  any  abnormalities  in  vibration  main 
oil  pressure  and  breather  pressure.  Transient  running  was  recorded. 

NOTF;  I'u  stability  to  be  tl'I. 

A full  instrumentation  reading  was  taken. 

Turbine  cooling  pressure  was  checked. 

«’s4.5/‘’s4  = ^ I'-- 

Main  oil  temperature  automatic  a'gulation  was  checkcil. 

t'heck  corrected  main  oil  pressure  differential.  Should  be  45  t 5 psig  at  normal  rated 
and  above 

C'ox  meter  fuel  How  agri'ement  was  checked  to  he  within  one  (vreent. 

Fngine  was  slowly  advanced  to  military  (PI. A b5°  to  bS”).  Military  trim  curve  Tjj; 
was  not  exceeileil.  Military  trim  down  was  adjusted  if  necessary  with  in-tlight  trim 
motor. 
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16.  A full  instrumentation  reading  was  taken. 

17.  Check  afterburner  operation  to  Max  Zone  5. 

18.  Shut  down  and  repair  bad  instrumentation. 

19.  Thrustmeter  was  calibrated  from  0-25,000  lbs. 

1 1.2.3. 1 .4  Performance  Calibration 

1.  Station  2 and  Station  3 instrumentation  was  installed. 

2.  Suppression  in  Mid  Zone  3 was  rechecked. 

3.  Full  data  readings  were  taken  at  the  following  points  (the  points  were  stabilized 
seven  minutes  before  read  and  wet  and  dry  bulb  thermometer  and  barometer  were 
taken  every  hour). 

a.  Idle 

b.  Min  12th  bleeds  closed. 

c.  6000  F„ 

d.  8000  F„ 

e.  10,000  Fn 

f.  1 1 ,000  Fn 

g.  12,000  Fn 

h.  Mil  trim 

i.  Min  Z-1 

j.  Mid  Z-3 

k.  Max  Z-5 

4.  Wlien  calibration  was  completed  and  data  checked,  the  engine  was  shut  down  and 
pulled  to  prepare  for  installation  in  X-210  capsule. 

1 1.2. 3. 1.5  Altitude  Running  Program 

I.  With  slip  ring  cooling  air  on  and  strain  gage  monitor  on,  the  engine  was  windmilled 
and  checked  for  leaks. 
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2.  Tlio  engine  was  started  and  a full  idle  reading  taken.  Recording  strain  gages  were  started. 

3.  The  engine  was  shut  down  and  instrumentation  repaired  where  necessary. 

4.  A slow  acceleration  to  military  was  made  and  mil  trim  was  checked.  Any  abnormalities 
were  noted. 

5.  Acceleration  to  maximum  Zone  5 was  accomplished  and  a suppression  check  made. 

6.  The  capsule  was  closed,  the  engine  started  and  accelerated  to  military  while  setting 
Mach  2.2.  60.000  feet,  conditions  of  245°f-  inlet  air  at  14.7  psia  and  f’tT'^^eiector 

of  2.3  minimum  in  order  to  wann  up  duct  work  and  deceleration  to  idle.  Make  a 30 
second  acceleration  and  30  second  deceleration  from  idle  to  military  and  back  to  idle 
while  holding  Mach  2.2  conditions.  NOTl- . The  acccl/decel  would  have  to  be  extended 
longer  than  30  seconds  if  conditions  could  not  be  maintained  that  quickly. 

7.  Mach  12  sea-level  conditions  of  208° F inlet  air  at  35.3  psia  and  Pt7^^ejcctor “ 
minimum  were  set  Recording  strain  gages  were  started.  A 30  second  (if  possible) 
acceleration  to  military  and  a 30  second  (if  possible)  deceleration  to  idle  were  made. 
Hquipment  was  cooled  and  shut  down. 

8.  A distortion  spider  and  distortion  screen  No.  58D  (Mach  0.7.  40.000  feet)  was  in- 

stalled. Tlie  engine  was  started  and  conditions  of  Mach  0.7.  40.CK)0  leet.  of  -31°F 
inlet  air  at  3.78  psia  .md  ^ejector  •^'■'‘■'ording  strain  gages  were 

started  and  a 30  second  (if  possible)  acceleration  to  military  and  30  second  (if  possible) 
deceleration  to  idle  were  made.  F.quipmentwas  cooled  and  shut  down. 

d.  The  Mach  0.7.  40.000  feet,  distortion  screen  was  removed  and  Mach  1 .2  sea  level  dis- 
tortion screen  (screen  No.  63A)  was  installed.  The  engine  was  started  and  conditions 
of  Mach  1.2  sea  level  of  208°F  inlet  air  at  35.3  psia  and  1’,7/Pejector  of  2.4  minimum 
were  set.  Recording  strain  gages  wen.'  started  and  a 30  second  (it  possible)  acceleration 
to  military  and  30  second  (if  possible)  deceleration  to  idle  while  holding  conditions 
were  made.  Fquipment  was  cooled  and  shut  down. 

10.  Tlie  slip  ring  setup,  distortion  screen  and  spider,  and  strain  gage  P.T.O.  cover  were 
removed. 

11.  Tlie  capsule  was  closed, the  engine  started  and  accelerated  to  military  while  Mach  1.2 
sea-level  conditions  of  208°F  inlet  air  at  35.3  psia  with  Pj^/Pejector  of  2.4  minimum 
were  set. 

12. *  6.25  hours  at  military  power  were  run  as  .shown  in  Figure  1 1.2-^>. 

13. *  A/B  was  lighted,  the  same  eonditions  as  Item  #l  I were  set  and  the  engine  was  run 

6.25  hours  at  maximum  Zone  5.  (Figure  11.2-‘)). 
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14.  Mach  2.2  conditions  were  set  as  shown  in  Figure  1 1.2-10. 

15.  25  cycles  of  Mach  2.2  endurance  (Figure  1 1.2-10)  were  mn. 

16.  The  engine  was  shut  down  for  third-stage  fan  blade  inspection  and  decision  on 
additional  running  of  70  hours  at  Mach  2.2  conditions. 

1 7.  Testing  was  resumed  and  a total  ot  1 20-houn>  at  Mach  2.2  conditions  was  completed. 

* Items  1 2 and  13  were  combined  into  10.5-hours  testing  at  military  power. 

1 1 .2.4  Destructive  Examination  of  Engine  Test  Blade 

Alter  a tan  case  tip  rub  occurred  during  engine  operation,  seven  BORSI('®/aluminum  fan 
blades  were  found  to  have  cracks  just  above  the  titanium  root.  Two  blades  had  cracks  of 
reasonable  sue,  the  remaining  five  exhibited  smaller  cracks.  The  cracks  were  discovered  by 
means  ot  tluorescent  penetrant  and  visual  inspection.  The  blades  were  removed  from  the  en- 
gine and  a comprehensive  examiiiaiion  wa.s  scheduled.  ,\s  the  damage  to  the  two  blades 
having  the  larger  cracks  was  similar,  the  examination  was  conducted  primarily  on  Blade 


rile  examination  .showed  that  material  properties  and  general  sfnietim'  were  consistent 
with  a'quia'inents.  Fiber  breakage  on  tlie  convex  side  was  generally  superficial  and  con- 
fined to  surface  ply.  Fiber  breakage  on  the  concave  side  wa.s  due  to  over-stressing  m 
operation,  and  extended  througli  the  cross  plies  but  did  not  extend  into  tlie  longitudinal 
central  fibers. 

riie  labrication  data  compiled  for  these  two  blades  was  reviewed  and  indicated  that  both 
the  raw  material  and  fabricating  process  were  completely  acceptable.  Quality  assurance 
data,  presented  in  Table  1 1 .2-Xl.  indicated  that  the  fiber  used  in  Blade  E-184  had  axial 
tensile  strengths  exceeding  425.000  p.si  and  a hot  pressed  density  of  2.67  gram  per  cubic 
centimeter. 

TABLE  11.2-Xl 

QUAUTY  ASSURANCE  DATA 
SERVICE  BLADE  E-184 

Density  2.668  gni/cin-^ 

Onion  Carbide  Tape  Lot;  .t004-'>l 
Monoiape  strength; 

Fiber  l ot  (a);  425.0(X)psi 

42.S.000psiavg 

425.000  psi 

Fiber  Lot  (b):  427.000  psi  4.‘i2.000  psi  avg 

477.000  psi 
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1 1.2.4. 1 ('lonoral  ( oiKlitiDn  dI  BUulo 

.•\s  sliown  in  I'ipure  1 1.2-1 1 ilanuino  was  iiit  ura’d  at  the  trailing  oilgo  tip  tiiu'  to  contact  with 
the  Ian  case.  Minor  localized  delormation  and  liher  breakage  was  ohser%ed. 

.•\  crack  in  the  .iluiniiunn  surface  lay  er  extended  about  one-half  inch  on  both  the  convex 
and  concave  sides  from  the  leading  edge,  as  shown  in  b'igure.s  1 1.2-12  and  1 1.2-13,  just 
above  the  horizontal  plane  edge  of  the  titaniimi  root  blocks.  No  other  defects  were  ob- 
.served. 

Hie  titanium  root  blocks  were  significantly  misaligned  at  the  upstream  end  of  the  blade  as 
shown  m b'igure  1 1.2-14.  Deform.ition  of  plies  just  above  the  root  blocks  was  also  observ  ed. 

1 1.2. 4. 2 Determining  I'iber  Break.ige  By  l eaching 

Before  leaching,  a 3 8-inch  section  ot  the  leading  edge  was  mnioved  for  microexamination 
as  shown  in  I'igure  1 1.2-1 .3.  The  .ilnminum  surface  layer  and  underlying  matrix  material 
was  progressivciv  removed  by  aciil  leaching  so  that  each  fiber  layer  would  be  exposed. 

It  was  then  po.ssible  to  measure  the  crack  length  in  each  fiber  layer. 

riie  crack  length  from  the  cut  surface  was  nuMsuix'd  for  each  ply  on  both  the  convex  and 
concave  sides,  and  is  sliovvn  in  l-igures  1 1.2-15  and  1 1.2-lb.  Damage  to  the  first  ply  was 
sliglitly  more  extensive  than  nulicated  on  the  ahmiiiuim  surface,  fhe  degree  of  damage 
decreased  in  eacfi  subsenuent  inner  ply , anil  was  more  .severe  on  the  concave  side,  w hich  is 
consistent  with  the  stress  distribution  due  to  the  tip  rub. 

I'igure  1 1.2-17  indicates  the  more  moderate  d.inuige  on  the  convex  side  first  ply  layer. 

Hiere  was  no  damage  in  any  lay  ers  beneath  the  second  lay  er.  .Some  random  fiber  breakage 
away  from  the  crack  was  observed  on  the  convex  side,  attributable  to  the  fabrication  process. 

Rgure  1 1.2-18  indicates  the  more  extensive  cracking  on  the  concave  side.  Similar  fiber 
breakage  in  the  alternate  cross  plies  w;>s  observed  in  decreasing  extent  until  the  eighth  layer, 
as  indicated  in  Figure  1 1.2-lb.  Although  some  cracking  is  reported  in  layers  eight  and 
nine,  the  proximity  of  the  damage  to  the  cut  surface  may  indicate  the  cause  was  the 
sectioning  process.  Figure  1 1 .2-ld  shows  the  first  longitudinal  fiber  layer;  slight  damage 
is  indicated  near  tlie  saw  cut  surface  in  a plane  slightly  above  the  dominant  fracture  plane 
of  the  cross  plies. 

1 1.2, 4. 3 Microexamination 

Fxaniination  of  the  longitudinal  surface  plane  of  the  leading  edge  through  the  surface 
fracture  region  indicated  a consistent  crack  pattern  to  that  determined  by  leaching. 

Damage  was  niori’  .severe  on  the  concave  side  than  the  convex  , but  did  not  extend  into  the 
longitudinal  plies.  While  there  was  slight  evidence  of  matrix  cracking,  it  was  not  considered 
indicative  of  any  failua'  mode  other  than  sta'ssing  beyond  the  ultimate  tensile  strength. 
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1 1.2.5  Nondestructive  In-spection 

After  the  200-hour  altituile/supersonic  test  program, Blade  Set  No.  2 was  non-destructively 
insjH'cted.  The  results  of  the  inspection  paralleled  those  of  Blade  Set  No.  1 after  the  100- 
hour  sea-level  static  endurance  test  which  were  described  in  iiaragraph  11.1  of  this  report. 
Four  blades  of  Set  No.  2 exhibited  leading  edge  cracks  in  the  fillet  area,  the  longest  being 
5/ lb  inch.  This  data  is  presented  in  Table  1 1.2-Xll. 

Table  1 1.2-Xlll  presents  the  frequency  history  of  the  blades.  Except  tor  the  seven  blades 
which  were  damaged  m the  tip  rub  experience,  the  Imquency  lo.s.ses  were  modest  and  well 
within  the  Made  design  limits. 

The  blade  tip  chord  angles  were  not  charted  prior  to  the  test,  but  post-test  results  are  pre- 
sented in  Table  1 1 .2-XlV.  Of  the  seven  blades  charted,  five  of  the  blades  are  within  toler- 
ance. and  of  the  other  two.  the  worst  is  less  than  half  a dega'e  out  of  tolerance. 


TABLE  1 1 .2X11 
X-RAY  RESULTS 

SET  NO.  2 AFTER  200  HOURS 
(Fillet  Area  Cracks  Only) 


Blad*  No. 

PraMit 

168 

None 

175 

None 

190 

None 

199 

None 

Post  tast 

1/16  inch  LE 
5/16  inch  LE 
1/8  inch  LE 
5/16  inch  LE 
1/4  inch  TE 
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i TABLE  11.2X111 

NATURAL  FREQUENCIES 

* SET  NO.  2 AFTER  200  HOURS  OF  SUI'ERSONIC/ALTITUDE  FNC.INE  TESTS 

1st  Bending  2nd  Banding  1st  Torsion 


• 

Blade  No. 

Pretest 

Post  test 

% Change 

Pretest 

Post  test 

% Change 

Pretest 

Post  test 

% Change 

- 

87 

144 

168 

4.2 

462 

439 

5.0 

983 

970 

1.3 

It 

114 

143 

142 

0.7 

462 

455 

1.5 

989 

991 

+0.2 

115 

144 

141 

2.1 

459 

458 

0.2 

967 

967 

0.0 

- 

155 

139 

138 

0.7 

438 

445 

+ 1.5 

957 

963 

+0.6 

167 

139 

138 

0.7 

447 

437 

2.2 

966 

968 

+0.2 

168 

141 

138 

2.1 

456 

443 

2.8 

970 

1037 

+6.2 

169 

137 

135 

1.5 

449 

437 

2.6 

946 

949 

+0.3 

170 

137 

135 

1.5 

450 

440 

2.2 

941 

941 

0.0 

- 

171 

138 

137 

0 7 

449 

445 

0.9 

974 

974 

0,0 

175 

141 

140 

0.7 

456 

446 

2.2 

974 

9/6 

0.1 

• 

176 

143 

141 

1.5 

460 

452 

1.7 

976 

973 

0.5 

178 

139 

138 

0.7 

452 

443 

1.9 

965 

964 

0.1 

179 

140 

140 

0.0 

460 

452 

1.7 

964 

956 

0.8 

180 

139 

138 

0.7 

456 

446 

2.2 

955 

954 

0.1 

182 

137 

136 

0.7 

449 

440 

1.9 

945 

951 

0.6 

« 

183 

141 

139 

1.5 

455 

443 

2.6 

965 

964 

0.1 

186 

136 

139 

+2.1 

447 

450 

+0.7 

937 

967 

+3,2 

■* 

187 

136 

134 

1.5 

443 

434 

1,9 

941 

942 

+0.1 

« 

188 

140 

138 

1.5 

455 

444 

2.4 

967 

965 

0.2 

189 

137 

137 

0.0 

445 

436 

1.9 

950 

950 

0.0 

190 

139 

137 

1.5 

455 

442 

2.8 

964 

961 

0.3 

191 

137 

136 

0.7 

447 

436 

2.4 

949 

947 

0.2 

192 

138 

137 

1.5 

447 

436 

2.4 

962 

962 

0.0 

193 

136 

135 

0.7 

444 

432 

2.6 

945 

947 

+0.2 

195 

138 

136 

1.5 

447 

436 

2,4 

947 

947 

0.0 

- 

197 

139 

138 

0.7 

453 

444 

1.9 

957 

955 

0.2 

198 

142 

141 

0.7 

454 

448 

1.0 

996 

1054 

+5,5 

- 

199 

139 

138 

0.7 

453 

445 

1.7 

957 

960 

+0,3 

<s 

200 

136 

134 

1.5 

440 

425 

2.8 

937 

940 

+0.3 

Avg.  % Change 

1.1 

1.9 

+0.4 

- 

* 194 

136 

137 

+0.7 

433 

442 

+2.2 

•30 

942 

+1.3 

201 

135 

136 

+ 1.5 

429 

438 

+ 1.9 

920 

931 

+ 1.2 

205 

133 

132 

0.7 

429 

428 

0.2 

928 

933 

+0.5 

206 

133 

134 

+0.7 

427 

435 

+0.7 

915 

926 

+ 1.2 

212 

J33 

133 

0,0 

425 

434 

+ 1.9 

917 

926 

+0.9 

•m  ■ 

223 

138 

138 

0.0 

435 

442 

+ 1.7 

947 

960 

+ 1,3 

225 

140 

141 

+0.7 

443 

451 

+ 1.7 

960 

971 

+ 1.2 

1 

Avg.  % Change 

+0.2 

+ 1.1 
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TABLE  II.2-X11I  (Confd.) 


1st  Bending 

2nd  Bending 

Ist  Torsion 

Blade  No. 

Pretest 

Post  tvst 

% Chang* 

Pretest 

Pott  test  % Change 

Pretest 

Pott  test 

% Changa 

*•  82 

141 

— 

— 

447 

_ — 

961 

— 

— 

85 

140 

- 

- 

443 

- - 

941 

— 

— 

89 

143 

- 

- 

457 

- - 

985 

- 

— 

148 

140 

_ 

- 

461 

— — 

972 

- 

— 

163 

139 

136 

2.9 

451 

421  6.6 

944 

927 

1.8 

184 

139 

134 

3.6 

452 

424  6.1 

952 

936 

1.7 

196  139 

Avg.  % Change 

— 

3.3 

455 

6.4 

967 

— 

1.8 

* Replacement  blades  following  tip  rub  (60  hours). 

* "Blades  removed  after  60  hours. 

B/P  Tol.  1st  bending  mode  130  ± 15  cycles/sec 
2nd  bending  mode  410  min  cycles/sec 
1st  torsion  mode  860  min  cycles/sec 


TABLE  11. 2-XIV 
TIP  STATION  CHORD  ANGLE 
BLADE  SET  NO.  2 AFTER  200  HOURS 

B/P  Tol.  19°  58'  - 21"  22' 


Hade  No. 

Post  Test 

194 

21°  0- 

201 

21°  46' 

205 

19°  46' 

206 

20°  0' 

212 

20°  38’ 

223 

20°  24' 

225 

20°  62' 
Avg.  20°  38' 
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CONVEX  CONCAVE  CONVEX  CONCAVE 


1 TIP  MODES  1 TIP  MODES 

2 COUPLED  MODES;  2 BASIC  BENDING 


BASIC  BENDING  & TORSION 

3 TORSION  & HIGHER  MODES  3 BASIC  BENDING 

TORSION  & HIGHER  MOOES 
4 TORSION 

b BASIC  BENDING 

6 TORSION 
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• U.S.  STD  DAY  • WIND  SWEEP  VARIED  AS  REQUIREP 

• TF30  P-3  ENGINES  TD  MAXIMIZE  ENVELOPE 


\ 120  HRS 

Mn  2.2  56000  FT  ENDURANCE 


10  5 HRS  Mn  12  SEA 
LEVEL  ENDURANCE 


CHECK  OUT  AND  STRESS  SURVEY 

• Mn  1 2 SEA  LEVEL 

• Mn  2 2 56000  FT 

• Mn  0 7 33000  FT 

• WITH  two  DISTORTION 

• TWO  ENGINE  SURGES 

• A B OPERATION 


• HIGHEST  BLADE  LDADING 
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LEGEND 

STRAIN  GAGE  ON  CX  SURFACE 
STRAIN  GAGE  ON  CC  SURFACE 
GAGE  TYPE 

M M WO  DY-125AD  350  B-87 
GAGE  CEMENT 
M-610 

LEADWORK 

5 MIL  Ni  CLAD  Cu  (AIRFOIL) 
XAPTON  (BLADE  ROOT,  OUT) 
ALL  SPLICES  ARE  SILVER  SOLDER 
LEADWORK  CEMENT 
GA«0 


CQ 


AXIS 


SPLICE  AREA  ON  CX  SURFACE 
FOR  5 MIL  Ni  CLAD  Cu  TO 
KAPTON  TRUNK  LEADS. 


LEADWORK  CEMENTED 
WITH  GA-60  TO  THIS 
POINT 


46 


FIBERGLASS 

PILLOWS 


l'i\rt4rf  1 1.2-3  In.ttiilluion  of  hi.itnimrntiition  i>»i  miKSlC’®/.-ilinniniitfi  Thinl- 
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% tsmc-cc 
LOC 


LEGEND: 

THERMOCOUPLE  ON  CC  SURFACE  ® 
TIC  TYPE: 

S ■ MIL  C/A  TACK  WELDED  JUNCTION 
UNGROUNDED. 

RESISTANCE  WELDED  SPLICE  OF  6 MIL. 
C/A  TO  C/A  DUPLEX 
CEMENT: 

GA-60 


leadwork  cemented  with 

GA«OTO  THIS  POINT. 


SPLICE  AREA  FOR  SMIL.  C/A  TO  C/A 
DUPLEX  TRUNK  LEADS. 


- v;  R • MC-CC 
LOC. 


Filjure  / 1.2-6  histalUtion  of  Thermocouple  lustrumeutiitioti  oh  BORSK^IAluminum  Tliirtl- 
Stage  Fan  Hluies 
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VIBRATORY  STRESS  SURVEY 
ENGINE  XAaa.’B 

TEST  STAND  X 231 

TEST  DATE  2 22  /3 

TITLE  INSTRUMENT  ATION  CRECK  OUT  RUN 

COND.  CLEAN  INLET,  TEMP  . ALT  - SEA  LEVEL.  M^  - STATIC 


SPEED  - RPM  X 10^  SPEED  - RPM  X 10  ^ 


/•'ivjwrc  1 1.2-7  IXita  l-roni  tlif  I'rcliiniiury  Strv.<s  Sufft'y  \'ii‘liU\{  the  l\ttu  ^>^  I'liese  Plot.t  of 
Reprfut'ntJtive  Stres.'t  I Vr.<N,«  l\in  Si'crit 


I 


i: 

i 

i: 

i: 


Figure  1 1.2-9  The  Schedule  jor  Rutitiitig  Military  and  Ma.ximutn  Fudurance  Tests.  This 
Schedule  U\is  Subsetjueutly  Changed  to  FnconifULSs  .^ppro.yiniateh  10.3- 
Hours  of  Military  Power 
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Figure  11.2-14  Vertical  Plane  Cross-Sectional  View  Shows  the  Misalignment  of  Root  Blocks 
Toward  the  Leading  Edge  Area  of  the  Blade  as  Well  as  Deformation  of  Plies 
Just  .4bove  Root  Blocks 


Figure  1 1.2-15  Nominal  Dimensions  of  Sections  Examined  by  Microexamination  and  Leaching/ 
Crossply  Removal;  Dashed  Lines  Represent  the  Extent  of  Damage  Due  to 
Overstressing  at  the  Blade  Root;  Shadeil  .Area  Indicates  Probable  Damage  in 
Microsection 
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1 2.0  AIRCRAFT  FLIGHT  EVALUATION  PROGRAM 

12.1  SUMMARY 

nuring  the  period  August  1975  to  December  1976,  a full  set  of  TF30-P-9  3rd  stage  BORSIC®/ 
aluminum  fan  blades  was  flown  in  service  in  two  different  FI  1 1-D  aircraft  operating  out  of 
Edwards  AFB,  California.  The  blade  set  used  for  this  flight  evaluation  program  was  assembled 
from  blades  previously  tested  in  an  experimental  engine  program  at  Pratt  & Whitney  Aircraft, 
East  Hartford,  Conn.,  and  described  in  Sections  1 1.1  and  1 1.2  of  this  report.  Prior  to  the 
flight  program,  the  high-time  blades  had  experienced  364  hours  in  ground  engine  testing. 

In  the  night  program,  the  blade  set  amassed  an  additional  184  hours  in  90  Bights,  bringing 
the  high-time  blades  up  to  548  hours  of  engine  operation.  During  this  time,  no  blade  failure 
was  encountered.  There  were  no  restrictions  imposed  on  the  aircraft  flight  envelope. 

After  184  hours  of  flight  operation,  a routine  borescope  inspection  revealed  surface  cracks 
on  some  of  the  blades  in  the  root  area.  The  rotor  was  then  removed  and  shipped  to  P&WA 
for  a full  inspection. 

Tliis  inspection  (both  nondestructive  and  destructive)  revealed  that  several  blades  did  have 
visual  cracks  in  the  root  area,  which  were  confined  to  the  surface  region  of  the  blades.  How- 
ever. because  of  the  presence  of  the  cracks,  a decision  was  made  to  terminate  the  flight  pro- 
gram. 

Tliis  program  constitutes  the  first  successful  flight  experience  with  composite  fan  blades  in 
this  country,  and  has  built  confidence  in  government  and  industry  that  composites  are  a 
technically  feasible  aircraft  engine  material. 

12.2  INTRODUCTION 

Under  AE  Contract  F33657-70-C-0624,  initiated  in  July  1970,  TF30-P-9  3rd  stage  BORSIC®/ 
aluminum  fan  blades  were  developed  and  evaluated  in  experimental  (ground)  engine  tests. 

The  experimental  engine  test  program,  encompassing  564  hours  of  sea  level  and  altitude 
testing  on  two  full  sets  of  blades,  was  successfully  completed  in  August  1973;  by  January 
1974,  the  decision  had  been  made  to  fabricate  and  test  two  additional  blade  sets  in  FI  1 1 air- 
raft  at  Edwards  AFB.  A contract  modification  to  that  effect  was  issued  in  October  1974. 

In  the  first  quarter  of  1975,  P&WA  discovered  that  the  BORSIC®/aluminum  raw  material 
purchased  for  the  flight  hardware  exhibited  serious  strength  deficiencies,  even  though  it  had 
been  purchased  to  the  same  specifications*  and  from  the  same  vendors  as  the  previously  ac- 
ceptable material  used  in  the  experimental  portion  of  the  program.  Several  weeks  of  exten- 
sive investigations  failed  to  reveal  the  source  or  the  solution  of  this  problem,  and  in  April 
1975  a decision  was  made  to  utilize  previously  tested  blades  in  the  flight  program,  and  not 
to  pursue  a new  materials/fabrication  effort. 

*The  original  specifications  covered  both  filament  strength  minimums  and  plasma-sprayed 
tape  minimums.  However,  since  two  different  vendors  were  involved  (one  for  filament,  one 
for  tape)  it  was  virtually  impossible  to  obtain  a firm  guarantee  on  the  strength  of  the  final 
product.  In  future  programs  this  same  problem  may  recur,  and  can  be  avoided  only  if  one 
vendor  will  accept  responsibility  for  the  properties  of  the  final  product. 
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As  a result,  the  blahes  from  the  previously  tested  engine  sets  (72  in  alt)  were  segregated  and 
reinspected  to  P&WA  production  delivery  standards.  Of  these  72  blades,  41  were  accepted 
for  the  night  program.  These  provided  one  full  rotor  set  of  3b  blades,  plus  5 spares. 

These  blades,  plus  a new  disk,  seal,  and  blade  locks,  were  assembled,  balanced,  and  shipped 
to  hdwards  AFB  on  June  24.  l‘>75.  This  rotor  was  then  in.stalled  in  an  FI  1 1-D  aircraft  at 
Fdwards  as  a Class  II  modification,  and  first  flown  on  Augu.st  4.  1475.  In  March  147b,  the 
engine  with  the  composite  blades  was  removed  and  reinstalled  in  a different  FI  1 l-H  aircraft 
and  continued  Hying  until  December  147b  for  a total  of  about  1 7 months.  The  details  of 
this  USAF-conducted  flight  are  not  contained  lierein,  but  will  be  in  a separate  ASD  techni- 
cal report. 

During  this  period,  a total  of  184.1  flight  hours  in  40  separate  flights  was  accumulated,  with 
no  problems  attributable  to  the  composite  blades.  Since  the  blades  were  not  new,  a require- 
ment of  periixlic  25-hour  borescope  inspections  of  the  blades  had  been  imposed  by  P&WA. 
No  restrictions  on  the  aircraft  flight  envelope  were  imposed,  however. 

After  flight  No.  40,  the  borescope  inspection  revealed  aiqiarent  surface  cracks  on  some  blades 
in  the  root  region.  Since  an  engine  overhaul  was  nearly  due.  it  was  decided  to  remove  the 
stage  at  this  time  and  in.spect  the  blades,  particularly  to  investigate  the  apparent  cracks. 

The  engine  was  removed  and  the  3rd  rotor  shipped  to  P&WA,  Fast  Hartford,  where  it  was 
received  in  early  February  1477.  The  rotor  was  disassembled  and  all  parts  were  inspected, 
including  destructive  examination  of  two  of  the  composite  blades.  This  bench  inspection 
revealed  all  parts,  including  blades,  to  be  in  good  condition  with  the  exception  of  cracks  in 
the  root-area.  These  cracks  were  visible  under  magnification  on  approximately  2/3  of  the 
blades.  However,  destructive  examination  revealed  that  the  cracks  did  not  penetrate  beyond 
the  surface  area  of  the  blades. 

Since  there  is  no  accurate  method  of  predicting  the  propagation  rate  of  cracks  in  this  type 
of  materials,  and  thus  the  aMiiaining  blade  life,  it  was  decided  to  terminate  the  flight  pro- 
gram at  that  point. 

This  section  describes  in  more  detail  the  pre-flight  blade  inspection  and  selection  procedures, 
the  flight  program,  and  the  post-flight  inspection  procedures  and  results. 

1 2.3  PRE-FLIGHT  QUALITY  ASSURANCE 

Two  full  sets  of  Tf'30-P-4  3rd  stage  BORSIC'®/aluminum  fan  blades,  totaling  72  blades, 
had  been  previously  tested  at  P&WA  in  experimental  engines.  Set  No.  1 had  experienced 
a total  of  3b4  hours  at  sea-level  conditions,  and  set  No.  2 had  experienced  200  hours  at  al- 
titude conditions  (Section  1 1). 

Of  these  72  blades,  a total  of  16  blades  had  developed  visual  surface  cracks  in  the  root  area 
(Section  1 1).  The.se  l6  blades  were  immediately  rejected  for  the  flight  program.  An  addi- 
tional 6 blades  were  rejected  because  the  outer  aluminum  surface  had  been  accidently  re- 
moved in  a stripping  operation,  resulting  in  a .significant  loss  of  frequency.  An  additional 
3 blades  could  not  be  located  at  that  time. 
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At  this  point,  47  blades  were  still  available  for  the  flight  set.  and  were  submitted  to  the  P&WA 
Quality  Engineering  Department  for  Q/A  to  production  delivery  standards  (see  Appendix  B, 
Quality  Plan).  Under  this  plan,  all  blades  were  reinspected  to  production  delivery  standards; 
these  included  X-ray,  ultrasonic  C-scan,  dimensional,  and  visual  inspections. 

Of  the  47  final  candidate  blades,  one  was  rejected  by  X-ray,  one  by  ultrasonic  C-scan,  two 
by  dimensional,  and  one  by  visual  inspection.  In  addition,  a review  of  frequency  loss  as  a 
result  of  previous  engine  testing  resulted  in  rejection  of  one  blade.  As  a result,  41  blades 
were  accepted  and  certified  to  production  delivery  standards  and  stamped  with  the  appro- 
priate symbol  (Flying  W). 

Table  12.3-1  lists  the  blades  rejected  and  the  reasons  therefor; Table  12.3-11  lists  the  blades 
accepted  and  shipped  to  Edwards  AFB. 

Other  rotor  parts  (disk,  2-3  airseal,  and  blade  locks)  were  inspected  to  similar  standards.  The 
3rd  rotor  was  then  assembled  and  balanced,  and  shipped  to  Edwards  AFB.  The  rotor  parts 
list  was  as  follows: 


Part 

P/N 

2-3  Air  Seal 

713246 

3rd  Stage  Disk 

712703 

*3rd  Stage  Fan  Blades  (36) 

713603 

3rd  Stage  Blade  Locks  (36) 

661920 

*Five  Spare  fan  blades  (P/N  713603)  were  also  supplied.  See  Table  D-II 
for  blade  serial  numbers. 

Also  supplied  to  Edwards  were  blade  weights,  including  spares  (Table  1 2.3-11),  and  Field  In- 
spection. Removal,  and  Repair  Guidelines  (para.  12.4)  developed  specifically  under  this  pro- 
gram for  the  composite  fan  blades.  Figure  12-1  shows  the  rotor  as  received  at  Edwards; 
Figure  12-2  shows  the  B/M  3rd  rotor  which  it  replaced. 

The  final  item  supplied  to  Edwards  was  the  location  and  design  of  a borescope  port  modifi- 
cation (L-99469)  to  the  2nd  stator  assembly.  This  modification,  done  at  Edwards,  is  shown 
in  Figure  12-3,  and  allowed  on-the-wing  borescope  inspection  of  the  3rd  stage  blades  at  peri- 
odic intervals. 


Aluminum  surface  replaced  with  epoxy; 
high  frequency  loss  after  engine  test. 
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TABLE  1 :j-l  (Cont’d) 

Blade  No.  Set  No.  Reason  for  Rejection 


•144 

1 

Aluminum  surface  replaced  with  epoxy; 
higli  frequency  loss  after  engine  test. 

•145 

1 

Aluminum  surface  replaced  with  epoxy; 
higli  frequency  loss  after  engine  test. 

137 

1 

> 

Local  delaminution  (C-scan) 

99 

\ 

Excessive  bow  (dimensional) 

106 

\ 

Excessive  bow  (dimensional) 

174 

*> 

LE  tip  damage  (visual) 

160 

1 

Crack  (X-ray) 

87 

Frequency  loss 

172 

2 

Could  not  be  located 

179 

*> 

Could  not  be  located 

188 

2 

Could  not  be  kxated 

,1 

2% 

.1 
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TABLF  12.3-n 

FLIGHT  QUALITY  BLADES  FROM  SET  NOS.  1 AND  2 
Installed 


I 

S/N 

Wt.  (OZ.) 

S/N 

Wt.  (oz.) 

S/N 

Wt.  (oz.) 

S/N 

Wt.  (oz.) 

i 

195 

6.70 

80 

6.70 

167 

6.70 

178 

6.70 

« - 

121 

6.68 

161 

6.68 

116 

6.68 

187 

6.68 

• 

205 

6.67 

182 

6.67 

170 

6.67 

212 

6.66 

4~ 

131 

6.65 

181 

6.65 

128 

6.58 

192 

6.65 

* • 

i . 

103 

6.63 

169 

6.62 

223 

6.65 

155 

6.62 

139 

6.58 

120 

6.59 

114 

6.64 

183 

6.62 

1. 

98 

6.74 

194 

6.74 

201 

6.75 

158 

6.74 

• - 

86 

6.73 

197 

6.73 

225 

6.72 

176 

6.73 

A * 

200 

6.72 

193 

6.71 

189 

6.72 

180 

6.72 

SPARES 


Wt.  (oz.) 
6.55 
6.81 
6.78 
6.70 
6.90 
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12.4  FIELD  INSPECTION  PROCEDURES  AND  REWORK  LIMITS  FOR  TF30-P-9  3RD 
STAGE  BORSIC®/ALUMINUM  FAN  ROTOR 

(The  following  guidelines  were  supplied  to  Edwards  AFB  in  connection  with  the  E'light 
Evaluation  Program.) 

References:  ( I ) Contract  E'-33(>57-70-C-0624 
This  rotor  assembly  consists  of  the  following  details; 


P/N 

Name 

Number  in  Assy 

713603 

Blade 

36 

661920 

Blade  Lock 

36 

713703 

3rd  Disk 

1 

713246 

2-3  Airseal 

1 

General  Instructions: 

Following  installation  in  an  aircraft  at  Edwards  AFB,  the  3rd  stage  blades  should  be  visually 
inspected  with  a one-half  inch  or  less  diameter  borescope  through  the  engine  port  provided. 
This  will  familiarize  the  inspector  with  the  mechanics  of  the  procedure  and  tlie  general  ap- 
pearance of  the  blades. 

It  is  required  that  the  blades  be  inspected  with  a borescope  after  engine  test  stand  checkout, 
and  also  on  a noninterference  basis  after  each  of  the  first  ten  (lights  of  the  aircraft,  with  the 
following  exceptions: 

( 1 ) Turnaround  (lights  shall  be  considered  as  a single  (light. 

(2)  Multiple  flights  on  a given  day  shall  be  considered  as  a single  (light. 

Subsequently,  if  no  .significant  damage  is  observed,  the  frequency  of  this  inspection  procedure 
may  be  lowered  to  once  every  25  hours  of  engine  operation.  After  a total  of  200  hours  of 
engine  operation,  the  blades  must  be  removed  from  the  engine  and  inspected  on  the  bench. 

Damage  and  Rework  Limits: 

Blades  - For  the  purpose  of  establishing  damage  and  rework  limits,  the  blade  is  divided  into 
seven  areas  (Figure  1 2-4). 


Maximum  allowable  blended  nick  or  crack  limits  are  listed  in  Table  I 2.4-1. 
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TABLE  12.4-1 


Maximum  Allowable  Blended  Crack  or  Nick  Limits 


Blade  Area 


Nick- 
Nick  - 


S/16" 

1/32^ 

5/32" 

17^ 

1/8" 

1/16" 

1/33^ 

1733^ 


R 

RB 

D 

P ' 

P " 

D Crack -None 
RB  Cracic-None 


R - Radius 

D - Depth 

RB  - Round 
Bottom 


In  addition,  visible  cracks  in  the  nickel-cobalt  LE  (Areas  A,  C,  D,  H)  are  allowable  with  no 
limit  on  length  or  number.  If  any  such  crack  is  wide  enough  to  expose  the  composite  sub- 
rate, it  is  cause  for  removal.  No  repair  is  allowed  in  this  case. 

Conventional  metal-working  tooling  may  be  used  to  blend  nicks  or  cracks,  such  as  fine  files, 
hand  grinding  wheels,  stones,  or  emery  cloth. 

Area  F leading  edge  may  erode  significantly. This  is  allowable,  subject  to  the  nick  limits  above, 
providing  it  does  not  exceed  1/16"  depth. 

At  the  200-hr.  bench  inspection.  X-ray  and  lOX  visual  examinations  are  required. 

Since  the  number  of  spares  is  limited,  blades  may  be  replaced  singly.  The  replacement  blade 
must  match  the  weight  of  the  replaced  blade  within  .03  oz. 

Disk  and  Seal  - 1 he  disk  and  seal  are  conventional  titanium  parts,  and  are  subject  to  the  same 
assembly  procedures  and  damage  rework  limits  as  the  P-9  B/M  parts. 

Blade  Locks  - The  blade  locks  are  required  to  be  fiuorescent  penetrant  inspected  at  the  200- 
hr.  bench  inspection.  Any  crack  will  be  cause  for  removal;  no  repair  allowed. 
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Deviations  to  T.  O.  2J-TI'30-3(i 


Applicable  to  Composite  3ril  Stage  ban 


Page  No. 


Item  No. 


Revision 


Change  .002  .104  .110 

To  .004  .108  .114 

Hliminate  this  item;  refer  to  “Inspection  Procedures 
and  Rework  Limits” 


3-38A 


3-54b 


3-54d 

('Ai)TioN  notl; 


lintire 


3-55 

noti:; 


Idiminate  “After  blending,  tluorescent  penetrant  in- 
spect blades” 

('hange  “Surface  finish  shall  be  comparable  to  new  blade’ 
to  “Surface  finish  shall  be  comparable  to  tip  end  of 
new  blade" 

Change  2nd  sentence  to  read;  “C'oating  must  tiot  be 
stripped;  r.'apply  over  old  coaling  if  more  than  ten  per- 
cent is  missing  from  load  bearing  surfaces" 

Lliminate:  Refer  to  “Inspection  Procedures  and  Rework 
Limits" 

Lliminate;  Refer  to  “Inspection  Procedures  and  Rework 
Limits" 

Add;  “3rd  stage  composite  blades 
have  separate  blade  locks” 
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12.5  FLIGHT  PROt.R  AM 

Upon  receipt  at  Fdwanls  ALB,  the  composite  .Ud  rotor  wa.s  inslalleil  in  the  right  engine  of 
FI  1 1-1>-.^  t,A/('  68-087,  engine  l’6765‘>  I ),  The  first  llight  of  the  aircraft  occurred  on  August 
4,  1475. 

The  only  requirements  peculiar  to  the  composite  stage  were  that  tire  blades  be  visually  in- 
spected at  25-hour  intervals  (which  coincided  with  on-the-wing  inspection  of  tlie  2-.^  air  seal), 
and  that  the  blades  also  be  bench  inspected  after  a maximum  of  200  hours  of  operation.  No 
limitations  on  the  aircraft  Right  envelope  were  imposed. 

F'l  1 l-l)-3  experienced  various  problems  not  associated  with  the  .^rd  rotor,  and  accumulated 
only  1 2 tliglits  ( |4  tiours)  between  August  1475  and  March  1476  (Figure  1 2-5).  At  that  time, 
the  engine  incorporating  the  composite  blades  was  installed  in  F'l  1 l-D-l  (A/U  68-085).  I'his 
aircraft  accumulated  78  Rights  (l65. 1 hours)  between  March  1476  and  December  1476  for 
a total  of  40  Right.s,  184. 1 hours,  in  the  two  aircraft.  No  blade-related  problems  were  enctnin 
tered  during  this  time. 

At  the  184.1  hour  point,  a regularly  scheduled  borescope  inst>ection  of  the  blades  revealeil 
crack  indications  on  some  blades  in  the  root  area.  F'rom  the  description  of  the  borescope 
operator,  the.se  indications  were  seen  only  on  blades  which  had  strain-gage  cement  in  the 
root  area,  which  obscured  the  actual  airfoil  surface  (Figure  12-6).  Since  the  engine  was 
nearly  due  for  overhaul,  and  since  there  was  no  way  of  detenjiining  the  extent  of  these  cracks 
on-the-wing,  a decision  was  made  to  pull  the  .)rd  rotor  at  that  time  and  thoroughly  inspect 
the  blades  on  the  bench 

The  Right  envelope  explored  during  the  program  described  above  included  Mach  Nos.  to 
2.2  and  altitudes  to  50,000  ft  Most  of  the  Right  hours  were  at  cruise  or  military  power, 
but  did  include  approximately  .100  afterburner  lights  (which  stress  the  .Ird  stage  blades  to 
a reasonably  high  level).  Nt>  engine  surges  wen*  encountered  in  the  Right  (Mogram. 

12.6  POST  FLIGHT  INSPK HON 

On  February  10,  1477,  the  carton  containing  the  .)rd  rotor  and  spare  blades  was  openeil  at 
Fast  Hartford  in  the  presence  of  NAVPRO  personnel.  I'heix'  was  no  api>arent  shipping  dam- 
age to  the  parts. 

The  rotor  was  removed  froi\i  the  carton  and  photographed  (Figures  1 2-7,  8).  I'he  visual 
appearance  of  the  blades  wa.s  excellent,  with  no  evidence  of  erosion  or  dovetail  bearing  sur- 
face galling.  Six  blades  had  a very  slight  nick  or  dent  at  the  LF'  tip,  probably  caused  by  souk* 
fonn  of  FOIL  Also,  a few  blades  exhibiteil  radial  surface  .scratches,  possibly  caused  b>'  inad- 
vertent rubbing  of  the  borescope  on  the  airfoil  during  on-the-wing  inspection.  Neither  of 
these  types  of  damage  would  alfect  blade  structural  integrity. 

12.6.1  Weight  Loss 

The  rotor  was  disassembled  aiul  the  blades  and  blaile  locks  were  individually  weigheil.  file 
blade  locks  had  zero  weight  lo.ss.  while  the  blades  had  an  average  weight  loss  of  ,01  o/.  on 
an  average  blade  weight  of  6.7  o/.,  or  0, 1 5%.  The  maximum  weight  loss  of  any  individual 
blade  was  .02  o/.,  or  O .F;  . This  slight  weight  loss  is  piesiimed  to  be  the  re.siill  of  erosion 
of  the  aluminum  surface  of  the  airfoil. 
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12  6,2  Visual  Inspection 

All  of  the  blades  weie  the')  iaspeeted  \isiially  at  10\  20\  niaiJiiiiicatiou.  li  wa^  iliseoveivil 
that  25  out  of  the  36  llit>ht  blades  exhibited  ehordwise  surface  cracKs.iust  above  liie  plat- 
form fillet  (Figures  12-10.  1 1 ),  very  similai  to  those  developed  during  the  ground  engine 
testing.  All  cracks  were  present  at  tlie  LI  concave  side,  with  a few  extending  around  to  the 
convex  side.  The  cracks  shown  iu  Figures  12  10,  11  are  on  blade  F-I6d,  and  are  visually 
the  most  severe. 

The  flight  blades  can  be  grouped  into  3 categories,  as  follows: 

Set  No.  1(12  blades)  - Tested  for  364  hours  at  sea-level  conditions,  including  264  hours  of 
cyclic  endurance  testing. 

Set  No.  2(18  blades)  - Tested  for  200  hours  at  altitude  conditions,  including  a severe  tip 
rub  (Sect.  1 1). 

Set  No.  2a  (6  blades)  - Replacement  blades  for  Set  No.  2 after  tip  rub  occurred. 

The  post-flight  cracked  blades  can  be  grouped  accordingly  as  follows: 

Set  No.  1 - 7 out  of  1 2 blades  cracked. 

Set  No.  2-18  out  of  18  cracked.  (Apparently  the  severe  tip  rub  experienced  during 
ground  tests  caused  undetected  structural  distress  which  ultimately  caused  all 
blades  to  develop  cracks  during  the  flight  program.) 

Set  No.  2a  - 0 out  of  6 cracked. 

It  should  be  emphasized,  however,  that  the  majority  of  the  cracks  were  visually  very  minor, 
and  that  subsequent  destructive  examination  of  the  most  extensive  crack,  on  blade  F-l6‘' 
(see  below),  revealed  that  the  cracks  were  confined  to  the  surface  cross-plies,  and  did  not 
extend  into  the  radial-ply  core  of  the  blade.  This  damage  was  slightly  less  severe  than  that 
caused  by  the  tip  rub  of  Set  No.  2a.  above;  wherein  the  worst  blade  exhibited  crack  damage 
extending  through  all  nine  of  the  cross-plies,  hut  remained  structurally  intact  through  con- 
tinued engine  operation. 


A second  indication  of  structural  distress  was  found  on  1 2 blades  at  the  base  of  the  dovetail 
(Figure  1 2-9).  This  took  the  form  of  relative  displacement  ot  the  composite  portion  of  the 
dovetail  with  respect  to  the  root  pads  and  wedge.  It  might  best  be  described  as  a shear  yield- 
ing of  the  composite  airfoil  root.  In  most  blades  aftected,  it  was  very  minor,  but  in  two 
blades  it  was  measurable.  These  two  blades  were  K-169  and  E-1 76.  The  maximum  measured 
deformation  in  these  two  blades  was  2.3  mils  in  blade  E-169.  and  1 .7  mils  in  blade  E-1 76 
Figure  12-9). 
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12.6.3  X-Ray 

All  test  blades  were  X-rayed,  and  results  were  negative.  Two  X-ray  techniques  were  employed  . 
First,  a standard  overall  X-ray  shot  of  each  blade,  identical  to  that  used  for  inspection  for  fli- 
ght qualification;  second,  a high  resolution  shot  of  the  fillet  area  only  where  the  visual  cracks 
existed.  In  neither  case  were  the  visual  cracks  detectable  on  the  X-rays. 

1 2.6.4  Dimensional 

Blade  untwist  as  a result  of  flight  experience  was  measured  on  6 blades  (Table  1 2.6-1).  These 
blades  were  selected  because  pre-flight  data  was  available.  Table  12.6-1  shows  that  two  blades 
(E-201  and  E-205)  were  slightly  out  of  tolerance  (in  different  directions)  both  before  and 
after  flight  testing,  and  that  the  average  permanent  untwist  incurred  in  the  flight  program 
was  12’,  with  a maximum  of  26’  for  blade  E-223. 

1 2.6.5  Natural  Frequency 

Table  1*2. "b-H  presents  the  average  frequency  losses  in  first -bending,  second  bending,  and 
first  torsion  modes,  segregated  for  blade  sets  1 , 2 and  2a  (see  above).  Apparent  increases  in 
frequency  are  presumed  to  be  the  result  of  experimental  error  in  frequency  measurement. 
These  blades  were  retested  several  times,  with  no  change  in  the  results. 

The  most  significant  observations  that  can  be  drawn  from  Table  12.6-11  are  the  compara- 
tively large  2B  frequency  loss  for  the  tip-rub  blades  (Set  No.  2),  and  the  negligible  loss  for 
all  blades  in  the  first  torsional  mode  (which  controls  flutter). 

Table  12.6-111  presents  the  worst  individual  blade  frequency  losses,  all  from  Set  No.  2.  As 
noted,  no  blades  were  outside  of  B/P  frequency  limits,  either  before  or  after  testing. 

1 2.6.6  Destructive  Examination 

The  blade  exhibiting  the  worst  cracks  (visually),  E-169,  was  selected  for  destructive  examina- 
tion to  determine  the  depth  of  the  cracks.  As  shown  in  Figures  12-10  and  1 2-1 1 , the  blade 
had  a surface  crack  on  the  concave  surface  extending  from  leading  edge  to  approximately  40% 
chord,  and  a second  crack  on  the  convex  surface  extending  from  25%  chord  to  50%  chord. 

These  cracks  were  investigated  by  progressively  leaching  the  aluminum  matrix  away  from 
the  filaments,  one  ply  at  a time.  The  leaching  agent  used  was  a 50%  solution  of  HCl . As 
each  successive  cross-ply  layer  was  exposed,  it  was  photographed.  There  are  9 cross-plies 
on  each  surface;  the  leaching  operation  was  continued  until  all  9 layers  were  exposed,  down 
to  the  radial  core. 

Figures  12-12  and  12-13  depict  the  2nd  ply  layer  on  each  blade  surface  (concave  and  convex), 
and  clearly  show  the  cracks,  which  are  in  effect  many  successive  fracture  filaments.  Figures 
1 2-14  and  1 2-1 5 depict  the  7th  ply  layer  on  each  surface,  and  show  that  a continuous  crack 
no  longer  exists.  The  8th  and  9th  cross-ply  layers  confirmed  this,  as  well  as  the  1st  radial  ply 
layer. 


I 


I 
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TABLE  12.6-1 

BLADE  PERMANENT  UNTWIST 
Tip  Chord  Angle 


Blade  No. 

Pre-Flight 

194 

O 

O 

*201 

21°46’ 

♦205 

19° 46’ 

212 

20°38’ 

223 

20° 24’ 

225 

20°  5 2’ 

Avg. 

20° 44’ 

Nominal  B/P 

20°40’ 

B/P  Tolerance 

19°58’  - 21°22’ 

♦Out  of  tolerance 

Post-Flight 

_A 

21°5’ 

5’ 

2r55’ 

9’ 

19° 50’ 

4’ 

20°  50’ 

12’ 

20° 50’ 

26’ 

2r5’ 

13’ 

20°  56 

12’ 

i 

• I 

,} 

;l 
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TABLE  12.6-11 

AVERAGE  BLADE  FREQUENCY  LOSS 

BLADE  FREQUENCY  LOSS  - % TOTAL  BLADE  LIFE 

(INCLUDING  FLIGHT  TEST) 


FLIGHT  TEST  ONLY 


IB 

2B 

IT 

IB  2B 

IT 

TOTAL  BLADE  SET  - (36) 

1.0 

2.2 

+0.2* 

0.3  0.7 

0 

SET  NO.  1 - (12) 

1.2 

1.2 

0.2 

0.6  +1.1 

+0.1 

SET  NO.  2 - TIP  RUB  (18) 

1.2 

4.0 

+0.1 

0.3  1.4 

0 

SET  NO.  2a  - (6) 

+0.4 

0.3 

+1.1 

0 1.8 

0 

*Plus  values  indicate  a frequency  increase.  These  values  have  been  rechecked,  and  are  con- 
sidered to  be  within  the  range  of  experimental  error. 
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TABLE  12.6-111 

WORST  BLADE  FREQUENCY  LOSS 


IB 

2.8% 

(BLADE  176) 

2B 

23~ 

5.0% 

(BLADE  183) 

IT 

8~ 

0.85% 

(BLADE  193) 

(ALL  FROM  SET  NO.  2) 


No  blades  were  out  of  B/P  frequency  limits,  either  before  or  after  test. 
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The  results  of  this  investigation  closely  parallel  those  of  Blade  E-184,  which  exhibited  simi- 
lar cracking  following  the  tip-rub  of  Set  No.  2 (Section  1 1.2.5).  In  both  cases,  the  cracks 
disappeared  before  reaching  the  radial-ply  core. 

1 2.6.7  Conclusions 

• The  BORSIC  /aluminum  blade  performance  was  excellent  throughout  the  184  hour 
night  evaluation  program.  Weight  loss,  frequency  degradation,  and  dimensional  effects 
(untwist)  were  insignificant. 


The  visual  cracks  in  the  root  area  were  confined  to  the  surface  cross-ply  layers  and  prob- 
ably did  not  jeopardize  the  structural  integrity  of  the  blades. 

In  future  blade  development,  the  use  of  cross-plies  should  be  avoided,  if  possible,  in 
order  to  minimize  fabrication  damage  which  may  induce  local  cracks.  This  type  of  local 
damage  has  been  observed  in  high-resolution  x-rays,  which  are  then  highly  magnified  in 
order  to  become  visible. 

The  shear  yielding  in  the  riK>t  attachment  (Section  2.6.2)  can  most  plausibly  be  attri- 
buted to  a “weak"  bond  between  the  root  pads  and  the  composite  structure.  Since 
ultrasonic  C-scan  cannot  currently  define  a “weak"  bond  (only  a lack  of  bonding)  the 
most  practical  st^lution  would  apj>ear  to  be  to  design  for  lower  shear  stresses,  or  to  de- 
velop an  NI)I  technique  to  <(uantify  bond  strength. 
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TF.WP-9  3rd  Rotor  Asseiuhly  as  Received  at  Edwards  AFB  Prior  to  Installa- 
tion in  FI  1 1-D  Aircraft  ( BORSIC® j Aluminum  Blades) 


figure  12-1 


HOURS 


I'i^iirc  1 2-f'  Tl'iDr-'^)  IU)RSIC^  Alinniniim  i'an  Rhidcs  \ tu  r IS4-llr.  11 1 l-H  l 
/'rofii’iiDi  ( I ront  I ii'w) 


Figure  12-11  Convex  (Suction)  Surface  of  Blade  E-169  as  Removed  from  Flll-D  Aircraft 


Figure  12-13  Convex  (Suction)  Surface  of  Blade  E-I69  with  2nd  Ply  Layer  Exposed 


Figure  12-15  Convex  (Suction)  Surface  of  Blade  £-769  with  7 th  Ply  Layer  Exposed 
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APPENDIX  A 

BLADE  MANUFACTURING  LEARNING  CURVE 

The  curve  of  Figure  A-1  represents  our  blade  manufacturing  experience  in  this  program.  It  is 
based  on  bonding  blades  individually,  but  finish  machining  them  in  lots  of  12  each.  The 
hump  in  the  curve  is  a result  of  a root  pad  machining  problem,  which  slowed  down  the  blade 
manufacturing  flow  for  several  weeks. 

The  man-hours  plotted  represent  ply  cutting,  detail  machining,  layup,  bonding,  finish  mach- 
ining, leading  edge  plating,  and  normal  inspection.  The  raw  material  cost  per  blade  was  ap- 
proximately $300  throughout  the  life  of  the  program. 

No  reliable  production  cost  estimates  are  available  at  this  time  for  future  blades  of  this  type. 


Figure  A-1  Manufacturing  Learning  Curve  for  TF30P-9  3rd  Stage  BORSld^/ Aluminum 
Fan  Blades 
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APPENDIX  B 

QUALITY  CONTROL  PLAN  FOR  TF30 
COMPOSITE  FAN  BLADES 


B.l  INTRODUITTION 

Contract  requirements  included  submission  of  a quality  control  plan  prior  to  initiation  of 
the  flight  program.  The  quality  control  plan  described  in  this  appendix  evolved  from  those 
requirements,  and  was  put  into  effect  prior  to  the  flight  evaluation  program  described  in 
Section  12  of  this  report.  Basically,  the  plan  incorporates  all  of  the  pertinent  NDI  proce- 
dures established  during  the  Phase  I blade  development  program;  applied  through  approved 
P&WA  “Production  Delivery”  procedures  to  meet  production  delivery  standards.  This  means 
that  all  material  and  finished  parts  will  be  subjected  to  quality  procedures  equivalent  to  those 
employed  for  production  items.  Briefly,  this  entails  release  of  all  material  by  the  Materials 
Control  Laboratory  (MCL)  and  certification  that  the  finished  parts  are  of  flight  quality  by 
stamping  them  with  the  “Flying  W”  emblem. 

Since  no  new  blades  were  manufactured  for  the  flight  program  (Section  12.2),  the  previously 
manufactured  and  tested  blades  must  be  reinspected  by  the  Quality  Control  department  to 
production  delivery  standards,  with  proper  documentation  of  the  results.  Where  certain  in- 
process  inspection  procedures  cannot  be  repeated,  the  previous  laboratory  inspection  results 
will  be  reviewed  and  approved  by  the  Quality  Control  department. 

The  material  and  blades  previously  manufactured  for  the  ground  engine  test  program  were  in- 
spected for  quality  by  the  Materials  Engineering  and  Research  Laboratory  (MERL),  with  the 
exception  of  X-ray,  dimensional,  and  FPL  MERL  will  continue  to  perform  this  function, 
with  the  additional  control  of  having  the  Quality  Control  department  approve  the  procedures 
and  equipment  used,  and  witness  the  testing.  Also,  standard  QC  documentation  of  the  test 
results  will  be  generated. 

Any  significant  deviations  will  be  noted  in  an  LDCW  (Laboratory  Deviation  or  Waiver)  which 
must  be  signed  off  by  Design.  Materials  Engineering,  Production  Engineering,  and  ASD  before 
the  material  or  part  can  be  accepted. 

The  noncomposite  adapting  parts  (3rd  disk,  2-3  air  seal,  and  blade  locks)  will  utilize  material 
released  by  MCL,  and  will  be  inspected  to  B/P  requirements  for  dimensional  control,  surface 
finish,  etc.  In  addition,  the  3rd  disks  will  be  proofspun  to  14,000  RPM  (33%  overspeed)  as 
required  on  the  drawing. 

Blades  that  were  fabricated  earlier  in  the  program  will  be  placed  on  QR  (Quality  Review)  and 
will  be  certified  by  that  group  prior  to  being  incoiriorated  into  the  fiight  hardware. 

Enclosed  are  a description  of  the  NDI  techniques  recommended  for  the  blades,  the  fiber  and 
tape  material  specifications  PWA  437  and  438  and  the  NDI  standards  to  be  applied  to  the 
material  and  parts.  These  standards  are  equivalent  to  those  followed  in  the  ground  engine  test 
program. 
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In  summary,  the  parts  and  material  will  meet  or  exceed  the  quality  of  those  used  in  the  ground 
engine  test  program;  in  addition,  they  will  be  subjected  to  standard  P&WA  production  quality 
control  methods. 

B.2  ESTABLISHMENT  OF  NDI  PROCEDURES 

The  experience  gained  in  developing  reliable  nondestructive  inspection  techniques  for  ad- 
vanced composite  materials  and  substantiated  through  bench  and  engine  testing  has  resulted 
in  the  establishment  of  NDI  procedures  which  fulfill  the  requirements  of  Item  3 A,  Phase  II* 
of  Contract  No.  F33657-70-C-0624.  The  comprehensiveness  of  these  techniques  and  pro- 
cedures assures  a high  probability  of  detecting  advanced  composite  blade  defects  which 
could  adversely  affect  operating  performance. 

B.2.1  Summary  of  Inspection  Technique  Evaluation 

The  following  ten  inspection  techniques,  having  been  thoroughly  evaluated  and  proved  effec- 
tive, were  incorporated  into  the  established  NDI  procedures: 

1 Airfoil  ultrasonic  C-scan  inspection 

2 Root  ultrasonic  C-scan  inspection 

3 Contact  ultrasonic  inspection  (edges  and  fillet  region) 

4 Airfoil  X-ray  inspection 

5 Natural  frequency  determination 

6 Density  determination 

7 Fluorescent  penetrant  inspection 

8 Dimensional  inspection  (on  a random  sampling  basis) 

9 115  percent  speed  proof  spin  test 

1 0 Visual  inspection 


*“The  contractor  shall  complete  the  development  of  the  NDl/quality  control  criteria  ini- 
tiated under  Item  6A  of  Phase  I of  this  work  statement.  Such  effort  shall  establish  NDI 
techniques  and  quality  control  criteria  for  production  fan  blades.” 


Three  additional  inspection  techniques  were  evaluated  during  the  program,  found  to  be  de- 
ficient, and  not  recommended  for  use.  They  are  ; 

1 Ultrasonic  inspection  with  wheel  units  (more  easily  accomplished  by  C-scan 
techniques) 

2 Electrical  conductivity  (provided  local  indication  of  volume  percent  of  fiber,  but 
this  data  was  considered  extraneous) 

3 Acoustic  emission  (results  could  not  be  correlated  with  blade  quality) 

One  other  technique,  eddy  current  inspection,  has  proved  to  be  useful  in  detecting  cracks  in 
blades.  Although  not  a production  type  technique,  eddy  current  inspection  is  a valuable 
supplement  to  X-ray  and  visual  inspection  of  fan  blades  during  maintenance  or  service 
checks. 

B.2.2  Recommended  NDI  Techniques 

The  listed  techniques  are  based  on  completed  work  which  provides  the  experience  for  se- 
lecting the  ten  most  effective  NDl  procedures.  A discussion  of  the  procedures  and  results  of 
each  is  presented  below. 

B.2.2. 1 Airfoil  C-Scan 

Using  this  technique,  delamination  and  porosity  flaws  as  small  as  about  0.2S  inch  diameter 
can  be  reliably  detected. 

The  apparatus  required,  shown  in  Figure  B-1 , consists  of  a blade  positioning  system,  a 
standard  immersion  tank,  an  automatic  scanner,  a data  recording  instrument,  and  an  ultra- 
sonic pulser/receiver  which  is  the  transducer  and  supplies  tlie  information  to  the  data  re- 
corder in  the  form  of  an  analog  electrical  signal. 

In  the  blade  positioning  system  used,  a blade  follower  is  placed  in  contact  with  a dummy  or 
pattern  so  that  it  is  perpendicular  to  the  blade  surface.  The  transducer  is  placed  on  the  blade 
under  inspection  at  the  same  relative  location  as  the  follower  such  that  the  sonic  transmission 
is  always  perpendicular  to  the  test  specimen  surface.  The  dummy  blade  is  rotated  and  the  ro- 
tation is  transmitted  through  a timing  belt  to  the  blade  under  test.  The  resulting  motion  of 
the  blade  follower  is  transmitted  to  the  transducer,  thereby  keeping  the  sonic  waves  perpen- 
dicular to  the  test  blade  surface.  As  each  full  rotation  of  the  blade  is  completed,  a carriage 
automatically  indexes  this  follower  and  transducer  forward  on  the  blade. 

The  SIL  transmitter  used  in  this  technique  is  0.50  inch  diameter  while  a 0.50  inch  diameter 
SIL  receiver,  masked  to  .187  inch  diameter,  is  used.  The  operating  frequency  is  2.25  MHz. 

This  inspection  technique  has  exhibited  the  required  resolution,  in  addition  to  having  the  ad- 
vantages of  being  able  to  vary  the  sensitivity  by  varying  recorder  amplification  and  pixwiding 
a permanent  inspection  record. 
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B.2.2.2  RootC-Scan 

This  inspection  technique  is  used  to  ascertain  that  satisfactory  bonds  between  the  aluminum 
wedge  and  the  composite,  and  the  titanium  alloy  root  pad  and  the  composite  have  been  ach- 
ieved. In  addition  to  detecting  unbonded  areas,  it  is  also  able  to  detect  broken  fibers  at  the 
wedge  tip  as  well. 

The  equipment  used  is  essentially  similar  to  that  described  in  the  preceding  section.  Airfoil 
C-Scan.  However,  the  SIL  receiver  is  0.25  inch  diameter  and  is  masked  to  a 0.06  inch  diameter. 
The  operating  frequency  is  5.0  MHz.  Figure  B-2  shows  the  equipment  in  use. 

B.2.2.3  Contact  Ultrasonic  Through-Transmission 

Although  more  time  consuming  and  subject  to  operator  interpretation,  this  method  of  in- 
spection provides  a comprehensive  means  of  inspecting  the  blade  leading  edge,  trailing  edge 
and  airfoil  sections  immediately  adjacent  to  the  root.  It,  like  the  C-scan  technique,  detects 
porosity,  bond,  and  lamination  defects. 

The  apparatus,  shown  in  Figure  B-3  , consists  of  two  0.25  inch  diameter  ultrasonic  transducers, 
each  fitted  with  plastic  adapters  on  the  contact  face.  A strip  chart  recorder  is  also  used  to 
provide  a permanent  record  of  the  inspection.  The  system  operates  at  a frequency  of  5 MHz. 
The  transducers  are  placed  in  contact  with  and  on  opposite  sides  of  the  blade.  Attenuation 
of  the  signal  through  the  blade  indicates  the  presence  of  a flaw. 

B.2.2.4  Airfoil  X-Ray 

Radiographic  inspection  has  demonstrated  the  capability  to  detect  a single  skewed  fiber,  cut 
fibers  in  a ten-ply  build-up,  a 0.375  inch  diameter  hole  in  a single  ply  of  a 30-ply  build-up, 
inclusions,  matrix-rich  areas,  buckled  fibers,  and  as  few  as  five  broken  plies  in  the  root  and 
fillet  areas.  As  such,  it  is  the  most  powerful  inspection  tool  used  in  the  program. 

Tire  extra-sensitive  radiographic  techniques  developed  in  this  program  include  using  extra  fine 
grain  film  with  high  contrast  and  definition  values,  and  positioning  the  airfoil  relative  to  the 
X-ray  beam  so  as  to  minimize  geometric  distortion.  Kilovoltages  were  kept  as  low  as  practical 
to  maximize  subject  contrast.  Lead  filters  placed  in  front  of  the  film  in  the  film  holder  filtered 
out  X-ray  scatter  which  would  be  detrimental  to  radiographic  sensitivity.  Because  of  the 
varying  thickness  and  complex  geometry  of  the  blades,  eleven  separate  exposures  were  re- 
quired to  achieve  maximum  contrast  and  minimum  distortion.  A 14  inch  x 17  inch  film  is 
used;  magnifications  as  high  as  20X  are  required  to  permit  reliable  radiographic  inspection  of 
the  fibers. 

B.2.2.5  Determining  Natural  Frequency 

Measurement  of  blade  natural  frequency  in  first  and  second  bending  and  first  torsional  modes 
is  performed  on  all  blades.  This  is  done  at  low  amplitudes  on  a shake  table.  All  blades  are 
evaluated  relative  to  established  values  (first  bending  = 130+  15  Hz,  second  bending^i^  = 

410  Hz,  first  torsional^in  = 850  Hz). 
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B.2.2.6  Density  Measurement 

Every  part  is  weighed,  and  its  volume  determined  by  water  displacement.  The  resulting  aver- 
age density  calculation  reveals  the  level  of  compaction  attained  in  the  pressing  operation. 

The  range  of  average  density  for  all  airfoils  fabricated  was  2.64  to  2.70  grams/cc.One 
hundred  percent  compaction  would  result  in  a density  of  approximately  2.70  grams/cc.  An 
average  density  below  2.64  grams/cc  is  cause  for  rejection. 

B.2.2.7  Fluorescent  Penetrant  Inspection  (FPl) 

The  blades  are  fluorescent  penetrant  inspected  using  Magnaflux  Corporation’s  ZL-30  pene- 
trant (Zyglo).  Only  the  root  bearing  surface  region  can  be  effectively  examined  by  this 
method.  The  ends  and  the  bottom  of  the  root  have  exposed  fibers  which  hold  the  penetrant, 
indicating  defects  when  none  exist. 

B.2.2.8  Dimensional  Inspection 

Blade  root  form  is  inspection  dimensionally  by  shadowgraph  and  other  conventional  means. 
Airfoils  are  dimensionally  inspected  by  using  a New  England  Plotter,  which  provides  a I OX 
profile  at  any  desired  spanwise  station. 

B.2.2.9  Proof  Spin  Test 

The  established  proof  spin  test  for  these  blades  consists  of  accelerating  the  blades  individually 
to  12,150±  25  rpm  at  room  temperature  in  a vacuum  spin  pit  five  times. 

The  value  of  12,150  rpm  is  slightly  in  excess  of  the  required  1 15  percent  of  the  redline  speed 
for  the  TF30-P-9  fan  (10,550  rpm). 

B.2.2.10  Visual  Inspection 


Visual  inspection,  primarily  in  the  root  fillet  area,  is  used  to  reveal  local  areas  of  poor  com- 
paction or  surface  fiber  damage.  Magnification  of  lOX  - 20X  is  required  for  effective  inspec- 
tion. 

The  causes  for  rejecting  engine  test  blades  are  summarized  in  Table  B-I  . The  eight  blades 
rejected  for  poor  bonding  were  all  deficient  in  the  root  region  - no  airfoils  exhibited  poor 
bonding  or  delamination.  Figure  B-4  shows  an  eximiple  of  an  extremely  poor  root  bond 
readily  detected  by  C-scan.  The  total  acceptance  rate  for  all  blades  was  over  92  percent. 

Table  B-II  presents  the  minor  vanations  that  occurred  in  density,  frequency,  and  weiglit  of 
the  blades.  These  figures  are  based  on  the  first  engine  set  of  36  blades.  Subsequent  blade 
sets  indicated  a similar  uniformity  of  end  product. 


B-5 


PRATT  A WHITNEY  AIRCRAFT  GROUP 


TABLE  B-1 

SUMMARY  OF  INSPECTION  RESULTS 
TF30-P-9  Advanced  Composite  Third-Stage  Fan  Blades 

Total  Number  of  Blades  Fabricated  246 

Number  Accepted  227 

Acceptance  Rate  92.39f 

Number  Rejected  19 

Cause  of  Rejection 

Inadequate  Natural  Frequency  4 

Poor  Bond  (C-Scan  Detected)  8 

Cracks  (X-Ray  Detected)  1 

Processing  Errors  6 


TABLE  B-ll 

VARIATION  OF  BLADE  DENSITY,  FREQUENCY.  AND  WEIGHT 
(Based  on  Engine  Test  Set  No.  1—36  Blades) 


Parameter 

Density 

Frequency 

First  Bending 
Second  Bending 
First  Torsional 
Weight 


Variati(Hi 

±0.4% 

±3.6% 

±3.4% 

±2.9% 

±1.9% 
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B.3  QUALITY  CONTROL  STANDARDS  FOR  TF30  COMPOSITE  FAN  BLADES 
INTRODUCTION 

Based  on  the  experience  gained  from  this  program,  the  following  QC  standards  have  been  es- 
tablished by  P&WA  and  approved  by  USAF.  These  standards  specifically  apply  to  TF30  3rd 
stage  flight  quality  blades,  but  can  be  extrapolated  in  general  to  future  blades  of  other  con- 
figurations, and  ultimately  to  production  blades.  Obviously,  some  of  the  specific  numbers 
quoted  below  may  change  depending  on  the  material  used  or  the  specific  blade  design  re- 
quirements; but  in  general  the  standards  are  considered  to  be  applicable  to  any  future  B/Al 
fan  blade. 


Material  received  in  5'  x 15"  sheets.  Two  tape  tensile  test  per  fiber  lot  in  each  sheet. 

Minimum  acceptable  strength  - 340  ksi  (based  on  load/filament  area). 

Strength  less  than  340  ksi  requires  manufacture  of  W"  x 4"  x 10  layer  panel. 

Minimum  average  tensile  strength  of  panel  - 140  ksi  (three  tests). 

100%  inspection  for: 

Volume  percent  of  fiber 
Unbond  - none  allowed 

Missing,  crossed  over,  or  broken  fibers  - none  allowed 

Wrinkled  foil  - none  allowed 

No.  fibers  per  inch 

Fiber  diameter 

Weight  per  unit  area 

Specification  PWA  437  will  apply. 

11.  Blade  NDl 

A.  Natural  frequency  in  IB,  2B,  IT  - specified  on  B/P. 

B.  Density  - 2.64  g/cc  minimum 

C.  FPl  (root  only)  - no  indications  allowed 

D.  Root  “C”  scan  - 

1 . 95%  bond  overall 

2.  No  extensive  indications  at  fillet 

E.  Airfoil  “C”  scan  - no  delaminations  greater  than  *4"  diameter 


L 
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\\  X-niy  - 

i.  No  craoks,  (irokcn  ('ilH'rs.  or  i/icliisioii  up  lu  1"  froii!  fillol. 

1.  No  cracks  prcalcr  (lian  ' in  rctiiaimicr  ot  airl'oil. 

Ct.  I’rool  Spin  - I'ivc  cycles  to  1 2,1 50  rpui. 

II,  Visual  - uo  sii^nil leant  surlacc  Octccts  in  the  I'illct  area,  as  revealed  by  a 20x  exaiuina 
tion. 


OL LOWER  WHEEL 
ON  COMPOSITE  BLADE 
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Moilificil  l ixliiK-  l or  I ’If rostfiiir  i>/ (.'(>inpo.\ile  Aiiioih 


/Hjure  IV-2  Koot  Sections  I 'l(riisi>ni(\tll\'  hisiwctcil  hy  rlin>ii(’li  If  iinsiriissum  l'si>i\^ 
nioiiictft  I'lonstiiittci  Il'itli  '.i  " Diornetrr  Rccrivrr  Mosked  to  II.IJ" 
I’titiinctfi.  t hirr,ili>i\<  /'ri-ipnanv  is  S.O  MU/. 
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PWA  41/ 

RfV):»lON  I, 
j RIVISID 


|\OKSlC^^  - ali:numim  tape 


Silicon  C.irbuli*  Cy’.UocI  Uor-»n  J-’ilatnonl  • Aluninunn  Alloy  Matrix 


ACKNC^WI.E OOMEN  I ; Vendor  shall  iiuvition  this  specification  mirnln'r  and  its  revision  lellrr  in  all  quotations 
and  V !umi  acknosvled}*ing  piirch.ase  orders. 

PVRPOSE:  Primarily  for  compressor  con^ponenls  operating  up  to  600  K. 

TKCHNICAI,  UKQIMK^'MKNTS:  Unless  otherwise  specified: 

* Mate  rial: 

1.  ! Product  shaU  bi‘  furnished  as  (ape  consisting  of  silicon  I'arlnde  coated  borciti  filaments,  meeting  the 

requirements  v»f  the  latest  issue  of  PWA  alh-l.  attixed  to  aluminum  f(ol  by  procedures  indicated  by 
the  following,  as  applical)le. 

i.  I.  I When  *'PWA  *137-1**  is  Specified  on  the  Drawing:  Fabrication  shall  be  accomplished  by  plasma 

spraying  using  AA  6061  aluminum  powder. 

1.1.2  When  ’’PWA  417«2"  is  Specified  on  the  Drawing:  Fabrication  shall  be  accomplished  by  sandwiching 

between  two  sheets  ot  AA  o0t>l  aluminum  foil  and  diffusion  bonding. 

1.2  Aluminum  alloy  rnatrix  .shall  constitute  50  * 3 Vol  ^k>  of  the  tape  product,  and  shall  conform  to  the 
composition  listed  in  the  latest  issue  of  AMS  4025. 

1.  3 Tape  shall  lx*  of  uniform  thickness  and  siiall  contain  175  * 5 equally  spaced  filaments  per  inch  of  width. 
Filaments  sh.all  lx*  aligneii  so  as  n.d  to  intersect  one  another. 

1.4  Filament  .‘^plice.s  shall  be  limited  to  10  per  6 ft  ol  tape  length.  No  splice  shall  occur  within  I i?..  in  any 

tliretlion  from  any  other  splice. 


Tape  Width:  Sliall  ct>nform  ti*  the  follov  irg* 


Fercentac**  of  .Shipment 


Widths,  in. 


1.6  Tayie  Length:  Not  less  th.in  5 feet. 

>7  Tape  Weight:  0 . 2 1 0 t 0 . 005  g y»e  r sq . inch. 

^ Hr  ope  rt  ie  s : Each  lot  of  tape  shall  cv>nform  ti,>  the  following  wheri  tested  bv  procedures  agreed  upon  by 

purchaser  and  vendor. 

2.  1 rc.%t  Material:  Tape  lepresenialive  of  each  lot  shall  be  pressed  into  a ten  layer,  parallel  filament, 

laminate  under  the  following  ct'uditions: 


reniy>eralure: 

Vacuum: 

lime  and  J’rersc.re: 


(040  y t 10 

10  4 T or i . or  lowe r 

I . S h r at  5000  psi 
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3.2.2 
3.2.2.  I 


Lammate  Propt-rlies:  Test  specimens  cut  from  material  prepared  as  in  3.2.  I shall  meet  the  following: 

Tensile  .Strength,  psi,  min 


Fil.'.menls  parallel  to  applied  load: 

Filaments  perpendicular  to  applied  load: 

3. 2. 2. 2 Tensile  Modulus,  psi  x 10^,  min 

Filaments  parallel  to  applied  load:  31.0 


140,000 

9.000 


4.  QUALITY: 


4.  1 The  product  shall  be  uniform  in  quality  and  condition,  and  free  from  foreign  materials,  knots,  misalignment 

and  from  internal  and  external  imperfections. 

4.2  Visual  standards  shall  be  as  specified  on  the  purchase  order. 

5.  CONTROL:  Metallurgical  control  and  control  of  shipments  shall  be  in  accordance  with  the  latest  issue  of 
PWA  300. 

b IDENTIFICATION:  Unless  otherwise  specified,  each  length  of  material  shall  be  identified  by  attached 

9 removable  lags  using  characters  not  less  than  3/8  in.  in  height,  which  will  not  be  obliterated  by  normal 

handling.  Each  lag  shall  be  legibly  marked  to  give  the  following  information: 

BORSIC®-ALUMINUM  TAPE 
PWA  437 -D 

PURCHASE  ORDER  NUMBER 

MANUFACTURER'S  IDENTIFICATION 

QUANTITY  OF  TAPES_ 

AREAS  OF  EACH  TAPE,  SQ  FT  

TAPE  WEIGHT,  g per  sq  inch 

FILAMENT  LOT  NO.  — 

FILAMENT  DIA.  , mils 

TENSILE  STRENGTH,  psi  min 

7  PACKAGING:  Sheets  of  plasma  sprayed  or  diffusion  bonded  material  shall  be  protected  during  shipment  and 
■ storage  by'Tnterleaving  with  polyethylene  liners  not  less  than  0.004  in.  in  thickness  and  otherwise  protected 
against  permanent  distortion  and  against  damage  from  exposure  to  weather  or  any  normal  hazard.  Plasma 
sprayed  material  when  supplied  in  rolls  shall  be  subject  to  Uiese  packaging  requirements,  and  the  diameter 
of  each  roll  shall  not  be  less  than  10  inches. 


8.  APPROVAL: 

8.  1 Material  shall  be  procured  only  from  sources  approved  by  Pratt  I,  Whitney  Aircraft  Engineering  Department. 

8 2 Vendor  shall  use  the  same  ingredients,  manufacturing  procedures,  and  methods  of  inspection  for  production 

material  as  for  approved  sample  material  If  necessary  to  make  any  change  vendor  shall  obtain  written 
permission  from  purchaser  prior  to  incorporating  such  change. 

9 REJECTIONS:  Material  not  conforming  to  this  specification  or  to  authorized  modifications  will  be  subject  to 
rejection. 
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P&WR 

SPECIFICATION 

(DfVELOPMENT) 


FILAMENTS.  UORSIC^  AND  DORON 


PWA  4J8 


ISSUtD  ' 


REVlStO  llihfin 


1.  A CKNOV.'I.EDGVEN T : Vendor  shall  mention  this  specification  number  and  Us  revision  letter  In  all  quotations 
It  and  when  acknowledging  purchase  orders. 

Z.  FORM:  Filament  consisting  of  boron  deposited  on  tungsten  wire  approximately  0.0005  in.  dia.  . and  either 
cc.aled  with  silicon  carbide  to  a thickness  not  less  than  U.OOOl  in.  or  uncoated,  as  desigitatod  by  the  following 
suffix  numbers; 


Suffix 

1 

2 


coated  (Borsic®) 
uncoated  (Boron) 


3.  APPLICATION:  Primarily  for  structural  reinforcement  of  plastic  or  metallic  matrices. 
•1.  TECHNICAL  REQUIREMENTS: 


4.  I 


4.2 


4.2.  1 

0 

4. 2.  1.  1 


Splices:  Unless  otherwise  specified,  minimum  distance  between  splices  shall  be  1000  feet.  Type  and 
method  of  splicing  shall  be  as  agreed  upon  by  purchaser  and  vendor. 

Properties:  Product  shall  be  capable  of  meeting  requirements  of  4.  2.  1 and  4.  2.  2.  Not  less  than  10 

specimens  from  each  production  run  shall  be  made  available  for  test  to  determine  conformance  to  4.2.  I 
and  4.2,2.  A production  run  shall  consist  of  filament  produced  continuously  by  a single  reactor. 

Tensile  Strength:  Shall  be  determined  statistically,  testing  to  an  acceptable  quality  level  of  10.00. 

Values  shall  be  determined  using  a 1 in.  gage  length  and  a crosshead  speed  not  exceeding  0,  25  in.  per 
minute. 


4.2.  1.2  Acceptability  of  filament  testing  shall  be  determined  by  the  application  of  following  formula  to  tensile 

test  results  as  specified  in  NOTE  1, 


K{Kl  or  K2)  = 


335,000 


where  R * average  tensile  strength 

v = the  difference  between  the  highest  ai'd  l.nvest  tensile  strength  values 


NOTE  1 


4 . 


a.  Test  4 specimens.  If  "K"  is  0.276  or  greater,  tensile  properties  are  acceptable. 

b.  If  "K”  is  less  than  0.276,  3 additional  specimens  sh.tll  In-  tested  for  tensile  strength,  and  "K"  for 

the  7 tests  shall  be  determined.  If  this  value  is  0.2te  or  greater,  tensile  properties  are  acceptable. 

c.  If  "K"  (determined  for  7 tests)  is  less  than  0.266,  3 rertt.siniug  specimens  shall  be  tested  for  tensile 

strength. 
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d.  For  the  group  of  10  tests,  the  first  5 specimens  shall  be  placed  in  one  group  and  Kl  determined 
by  t3>e  formula.  shall  be  determined  for  the  otlier  5 speciiriens.  K shall  then  be; 

e . U "K"  for  the  entire  group  is  0.  341  or  greater,  tensile  properties  are  acceptable.  If  "K"  ii 
less  than  0.341,  production  run  has  failed  to  meet  the  tensile  strength  requirements. 

4.2.2  Modulus  . f Ela.sticity:  Filament  shall  have  minimum  average  modulus  of  elasticity  of  55,000,000  pti. 

Mod\iius  of  elasticity  sliall  be  determined  by  stre ss -strain  measurements  of  not  less  than  4 specimens 
taken  from  each  production  run.  Specimens  shall  have  gage  length  not  less  than  10  inches. 

5.  QUALITY:  The  filament  shall  be  uniform  in  quality  and  condition,  clean,  and  free  from  voids  and  foreign  material^ 

6.  SI7E  ATi D TOLER AN'CFS:  Unle.ss  otlierwise  specified.  Boron  filament  diameter  shall  be  0.0039  in.  ± 0.0002,  an 

0 BoTsicifi^  niamcnt  diameter  shall  be  0.00425  in.  ±0.00015.  as  determined  optically  or  by  a method  agreed  upon 

by  purchaser  and  vendor. 

7.  PACKAGING:  Unless  otherwise  specified,  filament  shall  be  wound  on  spools  and,  when  necessary, 
interleaved  with  paper.  Winding  shall  be  uniform  and  provide  for  proper  unreeling.  The  spools  shall  be 
encased  in  suitable  containers  to  protect  the  filament  during  shipment.  Materials  used  for  spools  and 
packaging  shall  have  no  deleterious  effect  upon  the  product. 

8.  IDENTIFICATION : Unless  otherwise  ordered,  each  spool  and  container  shall  have  a label  or  tag  attached 

giving  the  purchase  order  number,  material  specification  number,  spool  number,  manufacturer's  identification, 
and  quantity  in  feet. 

9.  APPROVAL: 

9.  1 Material  shall  be  procured  only  from  sources  approved  by  Pratt  and  Whitney  Aircraft  Engineering  Department. 

9.2  Vendor  shall  use  the  same  manufacturing  processes  for  production  material  as  for  approved  sample 
material.  If  necessary  to  make  any  change  in  ingredients,  finish  or  processing,  vendor  shall  obtain 
written  permission  from  Pratt  and  Whitney  Aircraft  Engineering  Department  prior  to  incorporating  such 
change. 

10.  REJECTIONS:  Material  not  conforming  to  this  specification  or  to  authorized  modifications  will  be  subject 
to  rejection. 
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APPENDIX  C 
PROGRAM  REVIEWS 

Paragraphs  1 1.3. 1 and  1 1 .3.2  of  this  document  present  the  reports  of  Pratt  & Whitney 
Aircraft  and  Air  Force  program  reviews  conducted  in  February  and  September  1973, 
respectively. 

P&WA  REVIEW  OF  TF30  COMPOSITE  FAN  BLADE  PROGRAM  - FEBRUARY, 

1973 

A BORSIC®/aluminum  composite  third  stage  TF30  fan  blade  has  been  under  development 
on  Air  Force  contract  since  1970.  Development  has  reached  the  point  where  a set  of 
blades  has  successfully  completed  100  hours  of  engine  testing  as  part  of  a qualification  pro- 
gram leading  to  eventual  flight  test  in  an  F-1 1 1 aircraft.  A review  was  requested  to  consider 
questions  posed  by  the  Air  Force  concerning  suitability  of  the  blades  for  flight  test, 
adequacy  of  the  engine  ground  test  program  for  flight  qualification  and  possible  need  for 
flight  envelope  restrictions  or  special  flight  test  requirements. 

Conclusion 

If  the  composite  blades  successfully  complete  the  presently  planned  FOD  and  engine  test 
programs,  with  the  additional  tests  noted  in  the  recommendations,  they  should  be  qualified 
for  flight  test  without  restrictions  or  special  requirements.  With  the  recommended  additional 
tests  the  engine  test  program  would  appear  to  cover  adequately  the  blade  stress  and  vibra- 
tion exposure  over  the  whole  flight  envelope. 

Recommendations 

To  round  out  the  flight  envelope  stress  and  vibration  survey,  the  engine  test  program 
should  be  changed  to  include  testing  with  inlet  distortion  and  afterburner  lighting  at  the 
sea-level  dash  and  at  the  high  altitude,  low  Mach  No.  (highest  Nj/y/02)  flight  points.  This 
testing  is  needed  to  check  out  2E  vibration  and  possible  high  speed  flutter  stresses. 
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It  is  recommended,  for  the  flight  hardware  parts,  that  a full  review  be  made  of  the  in- 
process  inspection  which  applies  to  the  transition  area  from  the  titanium  root  block  to  the 
airfoil  to  improve  the  assurance  of  the  boron  fiber  integrity  in  that  region.  Also,  a review 
should  be  made  of  the  post-spin  inspection  procedure  of  the  transition  area  to  assure  that 
any  defects  caused  or  aggravated  during  spin  are  found  and  the  parts  rejected. 

It  is  suggested  that  rig  and  engine  tests  be  conducted  to  determine  the  blade  tip  rubbing 
characteristics. 

It  is  also  suggested  that  some  FOD  damaged  blades  with  a blend  repair  equal  to  that 
allowed  for  comparable  titanium  blades  be  run  in  the  engine  during  the  “piggy-back”  test- 
ing to  check  their  survivability . 

Discussion 

The  blade  in  question  is  a shroudless  version  of  the  TF30  P-9  third  stage  fan  blade.  It  is 
40%  lighter  than  the  B/M  titanium  blade.  The  airfoil  is  constructed  of  BORSIC®/aluminum 
plies,  oriented  radially  in  the  core  and  ±45°  in  the  shell.  The  fibers  are  retained  in  a 
titanium  root  dovetail  block  by  an  aluminum  wedge.  The  whole  assembly  is  diffusion 
bonded  together.  Leading  edge  FOD  protection  is  provided  by  a plated-on  Ni/Co  sheath. 
Maximum  operating  temperature  is  450°F. 

The  evaluation  program  includes: 

Fabrication  of  268  blades  (36/set). 

Extensive  bench  testing  of  blades  (including  FOD). 

Development  of  NDl  techniques. 

680  hours  of  engine  testing  on  3 blade  sets 

100  hours  subsonic  (completed  1/1 1/73) 

130  hours  supersonic  (sea  level  and  altitude) 

450  hours  “piggyback”  on  routine  TF30  testing. 

The  100  hour  engine  test  program  just  completed  included ; 

Stress  surveys 
Performance  calibrations 
50  hour  endurance 
Afterburner  operation 
Distortion  valve  testing 
19  surges 

Bench  testing  included: 

Generation  of  blade  Goodman  diagram 
Titanium  root  tests 


) 


C-2 


PRATT  A WHITNEY  AIRCRAFT  GROUP 


Salt  corrosion 
Bending  fatigue 
Thermal  fatigue 
Combined  stress  fatigue 
Spin  testing 

Ni/Co  leading  edge  tests 

Bending  fatigue 
Thermal  fatigue 
Salt  corrosion 
Ballistic  impact 
Drop-weight  test 
Spin  pit  erosion  and  FOD 

Overspeed  spin  tests  of  all  blades  ( 1 20%  N j ) 

Spin  pit  FOD  tests  with  sand,  gravel,  1"  ice  balls 
Blade  NDI  of  various  kinds. 

Engine  vibration  surveys  showed  that  the  observed  blade  natural  frequencies  agreed 
reasonably  well  with  predictions  but  were  a little  higher.  Aside  from  surge.no  stresses 
appeared  to  be  of  concern  for  the  conditions  tested.  Surge  stresses  seemed  to  be  similar  to 
those  for  metal  blades. 

\ 

The  most  noticeable  vibratory  stresses  occurred  in  2E  at  about  5500  RPM  and  in  a non- 
integral order  (possibly  flutter)  at  10,000  RPM  with  distortion.  This  was  about  the  maxi- 
mum speed  tested  and  stress  was  increasing  with  speed.  It,  therefore,  seems  essential  to 
check  the  maximum  speed  encountered  in  flight  (max.  N j l^yO  t),  which  occurs  at  high 
altitude  and  low  flight  Mach  no.,  for  the  suspected  flutter  stress,  and  the  high  density  sea- 
level  dash  point  for  maximum  2E  stress.  Both  tests  should  include  afterburner  lighting  and 
appropriate  inlet  distortion.  If  vibratory  stresses  are  acceptable  at  these  two  conditions, 
the  blade  should  be  capable  of  flight  testing  over  the  whole  aircraft  flight  envelope  without 
restriction. 

The  major  problem  area  which  has  been  experienced  to  date  in  this  blade  and  similar  blading 
made  under  the  ACE  program  is  the  transition  from  the  titanium  root  block  to  the  airfoil. 

It  is  suggested,  for  the  flight  hardware,  that  a full  review  be  made  of  the  in-process  inspec- 
tion of  this  area  to  assure  the  boron  fiber  integrity.  Any  minor  errors  in  the  ply  layup  prior 
to  bonding  could  lead  to  fiber  damage.  Increased  scrutiny  of  the  manufacturing  process  at 
this  stage  of  fabrication  could  possibly  improve  the  reliability  of  the  parts. 

A similar  review  of  the  post-spin  inspection  procedure  for  the  root  transition  area  is  also 
recommended  to  assure  finding  any  defects  caused  or  aggravated  by  the  spin  test. 
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With  regard  to  FOD  testing,  it  was  felt  that  this  is  to  some  extent  “one-shot”  testing  and 
that  it  would  be  desirable  to  see  how  damaged,  but  aerodyna  nically  repairable,  blades 
would  survive  in  normal  usage  following  FOD  damage.  It  is  reeommcnded  that  some  blades 
with  a blend  repair  eijual  to  that  allowed  for  a comparable  titanium  blade  be  included  in  the 
“piggy-back”  engine  testing. 

A further  question  arose  coneeming  what  happens  when  BORSlC®/aluminum  blades  rub 
the  casing  whether  this  is  a simple  abrasive  action  or  whether  some  detrimental  reaction 
occurs  in  the  blades.  It  is  suggested  that  this  be  checked  in  a rig,  preferably  with  strain- 
gaged  blading,  and  then  some  long  blades  be  installed  in  the  test  engine. 

Review  Participants 

Reviewers;  L.  Beckett 

A.  Hiegel 
W.  Owczarski 
G.  Parks 

E.  Sceggel 

F.  Smakula 
R.  Spaulding 
W.  Doll 

Other  Participants; 


K.  Boll 

Mechanical  Components/Structua's  I'&R 

D.  Randall 

Composite  Blade  Program  Manager 

S.  Blechennan 

Advanced  Tech.  Programs 

L.  Friedrich 

MERL 

A.  Alver 

Structure's  T&R 

G.  Fulton 

Structures  T&R 

R.  Liss 

Structures  T&R 

H.  Stargardter 

Structures  T&R 

R.  Doak 

Structures  T&R 

T.  Kusnierz 

Structures  T&R 

AIR  FORCE  REVIEW  OF  TF30  COMPOSITE  FAN  BLADE  INSPECTION  RESULTS 

On  September  27-28,  1973,  the  below  listed  Air  Force  personnel  visited  P&WA  to  review 
the  NDI  results  on  two  sets  of  Borsic-aluminum  fan  blades  which  had  undeigone  564  hours 
of  engine  testing. 

Matt  Chopin 
Will  Taylor 
Floyd  Evans 
Ted  Norbut 
John  Rhodehamel 
Lee  Gulley 
Bill  Schulz 

C-4 


ASD 

ASD 

Fill  SPO 

APL 

AFML 

AFML 

AFML 


Advanced  Tech.  Programs 
FRDC  Project 
MERL 
JT8  Project 
TF30  Project 
Compressor  Design 
Structures  Design 
Chairman  of  Review  Board 
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Set  No.  1 had  experienced  364  hours  of  sea-level  testing  including  stress  survey,  distortion, 
performance,  and  3 14  hours  of  endurance  testing.  Set  No.  2 had  experienced  200  hours  of 
altitude  testing,  including  a stress  survey  with  and  without  distortion  at  sea-level  Mn  1.2; 
56,000  ft.,  Mn  2.2;  and  33,000  ft.  Mn  0.7;  plus  130  hours  of  endurance;  sea-level  ram  (10 
hours)  and  Mn  2.2  56,000  ft.  (120  hours) 

The  significant  points  established  at  the  meeting  were: 

1 . The  engine  test  program  established  that  the  blade  can  operate  throughout  the  entire 
flight  envelope  of  the  P9  engine  with  no  limitations. 

2.  Blade  natural  frequencies,  dimensional  stability,  and  general  appearance  were  excellent. 

3.  Twelve  blades  of  Set  No.  1 (364  hours.  Tables  X and  Y)  and  4 blades  of  Set  No.  2 

(200  hours)  showed  x-ray  indications  at  the  airfoil  LE  just  above  the  root.  These  appear 
to  be  cracks,  with  a maximum  length  of  3/8  inch. 

4.  The  effect  of  these  apparent  cracks  on  blade  life  is  not  known  at  this  time.  Past  ex- 
perience has  shown  that  this  composite  material  is  not  nearly  as  notch  sensitive  as 
titanium. 

5.  If  blades  of  this  type  are  to  be  evaluated  in  a fliglit  program,  we  must  be  able  to  inspect 
the  blades  at  intervals  no  greater  than  200  hours,  on  the  bench. 

6.  It  would  be  very  desirable  to  build  up  more  ground  engine  test  time  on  these  blades  to 
determine  the  signiflcance  of  the  LE  cracks,  and  to  approach  more  closely  the  current 
750  TBO  of  the  P9  engine. 

In  my  judgement,  the  blades  have  demonstrated  their  structural  integrity  in  a tough  ground 
engine  test  program,  and  despite  the  x-ray  indications  are  ready  for  service  evaluation.  The 
only  stipulation  I would  require  is  to  be  able  to  inspect  the  blades  at  200  hour  intervals. 

A thorough  review  of  the  x-ray  results  is  now  being  conducted  by  NDl  personnel  (Frank 
Vicki),  and  a meeting  is  scheduled  on  Monday,  October  22  to  review  these.  It  is  recommended 
that  no  final  decisions  be  made  concerning  the  blades  until  that  review  is  completed. 


D.  G.  Randall 
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Octobers  1,  1973 


VIA;  Naval  Plant  Representative 

Pratt  & Whitney  Aircraft 
400  Main  Street 

East  Hartford,  Connecticut  06108 

TO:  United  States  Air  Force 

Air  Force  Systems  Command 
Aeronautical  Systems  Division 
Wright-Patterson  Air  Force  Base 
Dayton,  Ohio  45433 

ATTENTION;  SD-1 1 1 KD  (Mr.  P.  Gagaris) 

SUBJECT:  Borsic-Aluminum  Fan  Blade  Program,  Contract  F33657-70- 

C-0624 

REFERENCES:  (a)  Meeting  of  Air  Force  and  P&WA  personnel  at  East 

Hartford  9/27/-9/28/73  concerning  the  subject  program. 

(b)  Telcon  between  Mr.  M.  Chopin,  ASD,  and  Mr.  W.  G. 
Taylor,  P&WA,  10/19/73. 

1 . The  Reference  (a)  meeting  included  personnel  from  ASD,  AFML,  and  FI  1 1 SPO. 

The  purpose  of  the  meeting  was  to  review  all  inspection  data  on  two  sets  of  TF30- 
P-9  third  stage  Borsic-aluminum  fan  blades  which  had  undergone  a total  of  564  hours 
of  engine  testing,  both  sea  level  and  supersonic. 

2.  It  was  established  at  the  meeting  that  several  of  the  blades  exhibited  X-ray  indications 
of  small  cracks,  but  were  otherwise  undamaged. 

3.  It  is  the  contractor’s  judgment  that  the  TF30-P-9  third  stage  Borsic-aluminum  fan  blade 
has  reasonable  structural  integrity  based  on  testing  conducted  to  date  and,  as  discussed 
in  the  reference  (b)  telephone  conversation,  is  suitable  for  flight  evaluation  in  an  F-1 1 1 
aircraft.  However,  in  view  of  the  presence  of  the  X-ray  indications  noted  above,  the 
contractor  recommends  that  if  a flight  evaluation  is  conducted  the  blades  be  inspected 
at  200  hour  intervals  to  determine  if  these  indications  are  progressing  at  an  unacceptable 
rate. 

UNITED  AIRCRAFT  CORPORATION 
Pratt  & Whitney  Aircraft  Division 


W.  G.  Taylor 


TF30  Program  Manager 


